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SORPTION OF PARTICLES OF POLYSTYRENE LATEX ON PAPER 


E, M. Aleksandrova and P, V. Mochalov 


The introduction of some new highly disperse phase into a microheterogeneous system may lead to coagula- 
tion, In distinction from the normal volume coagulation of sols, this process is termed heterocoagulation, This term 
is descriptive of the mechanism of the process: the coagulation of the sol takes place on the surfaces of the particles 
of the extraneous phase after previous desorption of the stabilizing components. The latter are desorbed and again 
resorbed on the new surface. 


In studying dyeing and tanning processes, Peskov showed the existence of a peculiar type of stability, which 
he termed sorptional [1]. Particles of such colloidal systems as do not have sorptional stability may become sorbed. 
The terms “sorptional stability" and "aggregative stability" describe the properties of colloidally dispersed systems 
and are very valuable in colloid-chemical treatment of a number of processes. The process of impregnation of fi- 
brous materials by various latexes is examined from the same viewpoint. Much work has been carried out in this 
direction by Sokolov [2], Voyutsky [3], and others, 


The present article describes the sorption of particles of polystyrene latex on an ashless filter, The charac- 
teristics of the latexes studied, with respect to their aggregative stability, are described in the previous paper [4]. 
Two latexes were studied — from factory production, and laboratory-made, obtained by the emulsion polymeriza- 
tion method. The stabilizer used in the second case was “Wetting Agent NB", which chemically belongs to the Na 
salts of sulfonic acids of substituted naphthalenes, The sorption of both latexes was practically the same. The fac- 
tual data of this paper relate to the laboratory latex. The choice of the adsorbent was based in its purity, standard 
properties, and high sorptional activity, established for numerous colloidal systems, 


The method of sorption determination is based on comparison of optical densities. The accuracy of such a 
method depends on the initial concentration of the latex, and is found to be satisfactory at concentrations not over 
10 g of the dry substance in one liter of latex. The advantage of the method is the possibility of rapid determina- 
tion and simple calculation of the sorption values [5]. In a number of cases the sorption was determined gravime- 
trically; agreement was quite good. Sorptional equilibrium is attained after 2-2.5 days, which is explained by the 
fibrous nature of the paper and the fairly large size of the latex particles(70-80 my). 


Table 1 shows sorption values after different time intervals. TABLE 1 


It was found experimentally that a certain amount of 
electrolyte must be added for sorption to take place, as with- 
out this the latexes were sorptionally stable. This fact, veri- 
fied repeatedly, confirms the view put forward by Peskov [6] 
that it is necessary to lower the aggregative stability of a 
colloidal system somewhat for sorption processes to take place 
successfully, The addition of weakly acting cmgulants, which 
do not cause volume coagulation of the sol, is quite sufficient 
to destroy sorptional stability. This confirms the validity of the 
practical instruction concerning dyeing with colloidally dis- 
persed organic dyes — the dye solution must have decreased ag - Note, Latex concentration — 5,72, ¢/1; 
gregative stability with a sufficiently high degree of dispersion. concentration — 2 g/ 1, 

This condition is fulfilled on the addition of electrolytes, 


. 


Kinetics of the Sorption of Latex by 
Filter Paper in Presence of NaCl 


After the time to reach sorptional equilibrium had been determined and the experimental technique 
checked, a number of sorption isotherms were obtained. The sorption in milligrams of the disperse phase per 
1 g adsorbent was calculated from the formula: 


Oey c)V¥ 
m , 


where a is the number of milligrams of the disperse phase sorbed by 1 g of the adsorbent; cp is the concentration 


383 


of the disperse phase before sorption, in g/l; ‘¢ is the concentration of the disperse phase after sorption; m isthe 
weight of the adsorbent in grams; V is the volume of the latex in milliliters, 


As had already been established, the ratio of the concentrations of diluted latexes is: practically equal to 
the ratio of their optical densities, that is 
£9 Do 
Cc De 
where Do and D are the optical densities of the latex before and after sorption, Sometimes there are deviations 
from this relationship (for example, when the difference between cy and c is large, in the sorption of relatively 


highly concentrated latexes), and in such cases the values of cg andc were determined with the aid of the pre- 
viously obtained graph for the variation of optical density with concentration [5]. 


Sorption in presence of NaCl was first studied, latexes with different contents of the dry substance being 
used; sorption isotherms at 20° were obtained for various concentrations of common salt added to the latex, Fig- 
ure 1 shows the result of these experiments, 


As Figure 1 shows, at relatively low concentrations of NaCl (4-9 mM/1) the isotherms pass through a maxi- 
mum, This anomalous course of the isotherms may be explained by the simultaneous effect of the cancentration and 
the stability of the latex on the sorption. As was already itidicated [4] the stability of these polystyrene latexes de- 
creases with dilution. Thus, by increasing the concentration of the disperse phase of the latex, we favor sorption; 
but the stability of the latex increases, which decreases sorption, At high concentrations of NaCl the stability of the 
latex will be decreased sufficiently at all concentrations of the disperse phase, and therefore there will be no de- 
crease of sorption, The isotherms assume the normal appearance with a certain limiting value of a. Inthe ~ 
range of medium concentrations of the disperse phase the experimental results may be expressed by the empirical 
sorption Equation a =Bc2, 


Figure 2 shows the sorption isotherms in logarithmic coordinates, from which it is possible to determine the 


coefficients a and 6 and to formulate empirical equations for the sorption. Thus, for © Nacy = 17-1 mM/1, a = 
Saleuo 7 ad (c1 is the concentration of the disperse phase of the latex in g/I); for 


©Naci = 34.2mM/1, a = 22+). 

In addition, sorption in presence of the chlorides of potassium, ammonium, calcium, and aluminum was 
studied. Curves were plotted for the dependence of the sorption on the concentration &e of electrolytes added to | 
the latex, with a constant amount of dry residue in the latexes studied, The results of these investigations are 
shown in Figure. 3, 

It did not prove 
possible to show sorp- 
tion in presence of 
A1Cl3, This may be 
explained by the ex- 
cessively strong co- 
agulating power of 
AICl3, As we pass 
from univalent to 
bivalent cations, 

Ll log l0 Ce on the one hand, the 
electrolyte concen- 
tration required to 


Os O.7 ao 


Fig. 1. Sorption isotherms of polystyrene Fig. 2, Sorption isotherms of poly- produce a given 
latex with different additions of NaCl: styrene latex on the addition of degree of sorption 
1 - 68.4; 2 - 34,2; 3 - 171s 4 - 8,55; NaCl electrolyte: 1 - 34,2; 2 - decreases, and on 

5 - 4.27 mMA, 17,1 mM/1, the other, the range 


of electrolyte con- 
centrations in which sorption takes place is shortened. Thus, while with NaCl vigorous sorption occurs at Cy from 
9.2-200 mM/1, with CaCl, vigorous sorption takes place atce from 0,45 to 6-8 mM/1, Apparently the concen- 
tration range of AlCl, in which sorption of these latexes occurs is close to zero, and therefore in practice no sorp- 
tion is observed. 
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We also studied the sorption of the disperse phase of polystyrene latexes for different values of pH of the 
latex, In the conditions of our experiments the greatest sorption took place at pH 2-3. Table 2 shows the effect 
of. pH of the latex on the sorption of its particles by ashless filter paper (content of dry residue in the latex was 
5,72 g/1). The pH was determined with the glass electrode. 


From a comparison of the concentrations of different electrolytes which produce equal sorption it is pos- 
sible to evaluate the power of different cations to lower the sorptional stability of polystyrene latexes. The in- 
vestigations show that the cations used may be arranged in a definite series according to their ability to lower the 
sorptional stability of polystyrene latexes. 


oO wy t 


J L 
Hl Rg 
i 
7 
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I2 20 28 36 3,mV 


Fig. 3. Effect of electrolyte concentration on the 


sorption of latex particles of constant concentra- Fig. 4. Relationship between the value of the electro- 
tion by weights (0,68 g/1): 1-NH,Cl; 2-KCl; 3- kinetic potential of latex and the sorption of its parti- 
NaCl, cles on paper: l1-wunivalent ions; 2- bivalent ions. 
TABLE 2 The analogy between the power of different cations to lower the 
Effect of pH of the Latex on the Sorption sorptional stability, their coagulating power, and their ability to lower 
of its Particles by Filter Paper. the value of the & -potential, is very striking. The existence of this 


analogy leads to the need for a more detailed study of the relation- 
ship between the value of the € -potential, aggregative stability, and 
sorptional stability. It may be concluded from a comparison of the 
values of sorption of latexes on ashless filters, determined for the _ 
most diverse cases, with the data of earlier electrophoretic measure- 
ments [4], that the region of the most intensive sorption coincides 
with the lowest values of — -potential. The value of the & -poten- 
tial may be assumed to vary steadily with the value of the sorption, 
This assumption is confirmed for sodium and potassium ions, as these ions decrease both the & -potential and the 
sorptional stability to practically the same extent. To verify this view for as many cations as possible, supple- 
mentary experiments were carried out on measurements of electrokinetic potentials and sorption values in the 
presence of rubidium, magnesium, and barium chlorides, 


Seven different cations were used for the verification: Nat! K*, NHj, Rb*, Mgt, Ca**, Ba?+, It was found 
that, if the sorption values in milligrams per 1 g were plotted along the ordinate axis, and the € -potential inymV 
along the abscissa axis, all the univalent cations studied — Nat, K*, NHj, Rb+ —give practically the same curve 


(Fig. 4). 


In the case of bivalent cations (Mg?*, Cate, Ba?*) larger sorption values correspond to given values: of the 
€ -potential than in the case of mivalent cations, Bivalent cations, as already stated, form less soluble compounds 
with the stabilizer used in our experiments, This not only leads to a decrease in the thickness of the ionic solva- 
tion layers, but to further destabilization of the latex as the result of hydrophobization of the phase separation sur - 
face. This apparently explains the high sorption of the disperse phase of latexes in presence of bivalent cations, 
Further destabilization by the action of polyvalent cations also leads to destruction of the aggregative stability of 
the latexes, As a result there is a decrease in the difference between the concentration of the electrolyte which 
Causes sorption and the concentration of electrolyte which causes coagulation (threshold of coagulation), that is, 
the concentration range in which sorption is observed becomes shorter (for Al’* ions this range is close to zero). 
For this reason, to obtain sorptionally unstable polystyrene latexes, it is recommended in practice to use salts of 
univalent metals, because this permits a decrease of the sorptional stability of latexes without causing coagulation. 


It may be noted from a comparison of the results obtained in the study of the sorption of polystyrene latexes 
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with earlier studies on latex coagulation [4] that the presence of the adsorbent (ashless filter paper) lowers the cr g- 


ulation threshold of latexes. On the addition of chlorides of univalent metals, perceptible coagulation occurs in 
absence of the adsorbent at electrolyte concentrations of 250-300 mM/1, and in presence of 0.5 g of the adsorbent 
(per 15 ml latex), at 190-220 mM/1, On the addition of chlorides of bivalent metals in absence of adsorbent, 
coagulation occurs at electrolyte concentrations of 15-27 mM/I, and in presence of 0.5 g adsorbent, at 6-8 mM/1, 
Thus, the adsorbent introduced into the latex has a destabilizing effect, The destabilizing action of the adsorbent 
on polystyrene latex may be explained on the basis of Peskov's views, quoted earlier, on the adsorption of sta- 
bilizers by an adsorbent introduced into the latex, To confirm this, experiments were carried out on adsorption of 
the stabilizer by ashless filter paper. Very considerable sorption was found, 


ee 


NY 


SUMMARY . ie ray 


1, The sorption of particles of polystyrene latex on ashless filter paper was studied. 


2. The sorption region corresponds to decreased values of the € -potential; no sorption was observed in 
absence of electrolyte. 


3. Parallel lowering of both types of stability — aggregative and sorptional — takes place by the action 
of electrolytes. 


4, Desorption of the stabilizer and its transfer from the latex particles to the paper was noted; this ex- 
plains the decrease of stability of latexes in presence of adsorbents, 
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FLUIDITY OF LUBRICANT GREASES 
D. S&S. Velikovsky 


Structural-mechanical properties constitute the main factor which determines the behavior during use of 
| many dispersions and colloidal solutions; these include lubricant greases, a widespread class of lubricants [1]. The 
‘% main mass of lubricant greases consists of thixotropic structwized dispersions of salts of organic acids in mimeral 
) oils, In conditions of use, lubricant greases, like all lubricants, may undergo the most varied deformations; they 
may petform their working functions under insignificantly small loads, being practically at rest, and, in the great 
majority of cases, in a state of flow which takes place in a very wide range of velocities, The velocity gradients 
in a lubricant film, even at the same frictional points of machines and mechanisms, may vary from insignificantly 
| small to tens or hundreds of thousands and even millions of sec™*, Because of this wide range of possible deforma- 
tion conditions in use, it is not sufficient to study the flow of lubricant greases in a relatively small range of shear 
Stresses and velocities, as is usual in measurements of "viscosity" of dispersions and colloidal solutions, For a com- 
plete characterization of the fluidity of greases it is necessary to plot a rheological graph which covers shear stres- 
if ses from the smallest to millions of dynes/cm*, and velocity gradients from zero to hundreds of thousands, and 
sometimes even to millions of sec”4, Investigations over such a wide range of shear stresses and velocities cannot 
be made in the same apparatus and by the same method. However, by a comparison of the results obtained in 
different limits of shear stresses and velocities by different methods [4, 9, 10, 12, 14] it is possible to plot prac- 
tically universal rheological flow diagrams for lubricant greases, The laws established for lubricant greases may 
apparently be extended also to other dispersions clese to them in structure, 


The structural-mechanical properties of dispersions should be examined in relation to the mechanical 
properties of the dispersion medium and the disperse phase. The solid-like properties of lubricant greases (as of 
other structurized dispersions) which appear at low shear stresses, are determined by the mechanical properties 
of the structural skeleton of the dispersion, The flow of dispersions at very high shear stresses in conditions when 
the structure in flow has been disrupted to the maximum extent, is mainly determined by the viscosity of the dis- 
persion medium, The nature of the deformation of structurized dispersions at all intermediate shear stresses is 
determined on the one hand by the part played in these deformations by the structural skeleton and its constitu- 
ent disperse particles, by the dispersion medium on the other, and also by their mutual influence on the defor - 
mability of each other, 


The structural skeleton of "soap" lubricant greases is formed from soap crystallites (the crystal lattice of 
which cmtains, according to all available data, a certain arnount of the dispersion medium, oil [2, 15, 16]), which 
are threadlike or ribbonlike in form; their width, and especially their thickness are of ultramicroscopic dimensions, 
while their length may attain hundreds of microns, Under the polarization microscope, even with the strongest 
magnification, only accumulations (bundles) of such threads and ribbons may be seen [1, 3,4]. The electron 
microscope shows the structural skeleton of the grease as touching and partially interwoven or tangled fiber-like 
and ribboplike particles, sometimes twisted like cords, Many of the ribbons and threads only touch each other 
at isolated points, while others, especially those lying parallel to each other, touch at many points [4,5], Thus, 
the separate disperse particles are held together by different forces, However, the structural skeleton of greases 
as a whole is a solid.* 


* Wher I state that the structural skeleton of lubricant greases is a solid, 1 examine the solid state from the 
viewpoint of generally accepted concepts. The constantly discussed question whether all solids exhibit relaxa- 
tion over very prolonged periods of time “to zero" at stresses which are less than the experimentally established 
limits of elasticity (flow), is essentially meaningless in relation to lubricant greases (and for many other struc - 
turized dispersions), As the result of aging processes, inevitable in colloidal dispersions, which are the conse- 
quence of progressive coagulation of the dispersed particles (first, cohesion of particles situated close and parallel 
to each other in the skeleton), and also as the result of the growth of crystals from the molecularly dissolved and 
very finely dispersed particles of soap in the dispersion medium, the strength of the structural skelton varies with 
time, often increasing gradually to an appreciable extent. This excludes the possibility of a prolonged develop- 
ment of the “experimentally unmeasurable relaxation" process, even if it took place. On the other hand, the ex- 
perimentally observable decrease of strength of chemically unstable lubricants with time, in which free acids 
favor peptization of the dispersed particles, may be taken to be “relaxation”. 
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Like all solids, the structural skeleton of greases clearly differs from the included liquid phase by elasticity — 
of form, which is manifested by a capacity for reversible deform dion (accompanied by fully reversible residual 
after- -effects), and by the capacity for brittle deformation with loss of structural unity at stresses above the strength 
limit,* At shear stresses above the elastic limit, the structural skeleton of greases, as of all solids in the generally 
accepted sense, undergoes a very slow but quite measurable irreversible flow deformation (creep), The creep of 
solids is not associated with any loss of structural unity, and according to accepted views is due to slippage along 
crystal planes. 


In distinction from true solids, the structural skeleton of dispersions may become deformed (creep or 
flow) very slowly, continuously and irreversibly, without loss of structural unity not only as the result of intra- 
crystallite displacements, but, as was indicated by P. A. Rebinder, as the result of displacement of the points of 
contact between contacting crystallites, In both cases the broken bonds between the displacing oltracne are 
restored practically instantaneously at new points, as in the flow of true solids, 


Elastic deform ations and irreversible flow 
of the structural skeleton are manifested by elastic 
deformations and "flow” of the grease as a whole, 
although the liquid phase plays a purely passive 
role in these deformations, Thus, the elastic limit 
(limit of flow or creep) of the structural skeleton 
of the grease is at the same time the elastic 
limit (limit of creep, minimum limit of flow) 
of the lubricant grease, 


The rheological curve in Figure 1 shows 
the flow of lubricant greases at shear stresses 
above the strength limit of the structural skele- 
ton of the greases, based on experimental data 
obtained by the author of the present communi- 
cation and experimental data published by 
other authors, A proportional scale could not be 
used in this figure; it merely illustrates the prin- 


Fig, 1. Flow of lubricant greases at shear stresses above ciple of the behavior, Curve A represents the 
the strength limit of the structural skeleton: A - the flow of the liquid component of the grease (min- 
liquid component of the grease (spindle oil); b + grease, eral oil); curve B, the flow of the grease as a 


whole; the shear stress F, is the elastic limit of 
the structural skeleton of the grease (minimum limit of flow of the grease), In the range of shear stresses from 
Fy to F, flow of the grease takes place, due to “creep" of the structural skeleton, which occurs without loss of 
Tactic unity, As all the destroyed bonds are restored practically instantaneously, the rate of flow of the 
grease in this range is proportional to the effective shear stress F —F,; and the flow obeys “Shvedoy’s law": 


le 
Mia Pera S Sa 
= Const, 
dv /dx cy a 
This flow takes place at velocity gradients from 107 * to 107° sec”*, and therefore it cannot be shown on the 
usual scale in linear rheological graphs.. 


This nature of the creep of lubricant greases is camfirmed by the experimental data of Rebinder and 
Segalova [6, 7] obtained in studies of “models" of lubricant greases, and results obtained by the present author, 
obtained in studies of commercial lubricant greases, Solidols, 


At the shear stress F, the strength limit of the structural skeleton of the grease is reached, and, as in 
case of true solids, brittle deformation begins, This may be accompanied both by the detachment of separate 
dispersed particles at single contact points and separation of particles joined at many contact points, and also 
by rupture of particles (especially interwoven and tangled particles), Being in a liquid medium, the separate 
detached particles and aggregates and conglomerates of them approach, as the result of thermal motion, to 
distances at which molecular forces can act at isolated points; new bonds are formed at these points, As the 
* Elastic deformation of oleogels of soaps and lubricant greases was first studied by Vinogradov and Klimoy [13], 
Rebinder and Segalova[6, 7], and Trapeznikov and Shlosberg [11]. 
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particles approach and collide, purely mechanical cohesion, interweaving, and twisting of the threadlike and ribbon- 
like particles can also occur, However, in contrast to what occurs during the “flow” of the skeleton which has not 
lost its structural unity, the new “thixotropic" bonds are formed not instantaneously, but after a certain time inter- 
val which is necessary for the detached particles to approach to a distance at which molecular forces can act, 


As the result of the rupture of bonds between the particles, the oil immobilized in the skeleton becomes 
able to flow under the action of shear stresses, and in its flow it picks up separate particles and fragments of the 
skeleton which, by colliding and forming new bonds, hinder the flow of the oil. 


In a field ofnonhomogeneous stress (as, for example, in flow through capillaries or between coaxial cyl- 
inders), the destruction of the structural skeleton begins in the zones of gréatest shear stress, and spreads grad- 
ually to other zones as the total shear stress increases, However, this regular effect, which is the basis of the 
development of flow of all "Shvedov" bodies, is accompanied by the destruction of stronger bonds in zones where 
the skeleton has already lost its structural unity and displacement of separate agglomerates of particles takes 
place, As a result, in nonhomogenized greases (with undestroyed original “condensation” bonds formed on cool- 
ing from the melt), at shear stresses which exceed the strength limit of the weakest bonds, displacement of sep- 
arate “grains" or “nuclei" of irregular shape takes place, as was observed and recorded by Vinogradov by micro- 
cinematography in polarized light, The general picture is superficially analogous to the flow of continuous ice 
at the start of break-up, As the shear stress increases, the separate nuclei and grains slowly break up and disperse. 
This grain formation is not observed in well-homogenized greacses [8]. 


Thus, the flow of greases at stresses above the strength limit 
of the structural skeleton of the grease differs in principle from the 
creep of greases with undestroyed structural skeleton by the fact that 
the former takes place in the liquid phase, while the solid phase, 
fragments of the structure, and dispersed particles hinder its normal 
development; decreasingly so as the shear stress and therefore the 
A rate of flow increases (as in unit time or distance the number of 
x broken bonds increases, while the number of bonds which have time 
j to be restored decréases). Thus, the strength limit of the structural 
skeleton F, coincides with the upper flow limit of the grease, At 
va stresses greater than F, the law which governed the flow at lower 


shear stresses can no longer apply, and the flow no longer obeys 
the Shvedov equation, 


oo 5500 3500 4500 Figure 2 shows, in linear coordinates and with correct 


Pr scales, an experimental curve, obtained by the author jointly 
with G. F. Shuleiko, for the flow of Solidol (in absence of slippage) 
at shear stresses above the upper flow limit, and also the flow 
curve for the liquid phase of this Solidol (spindle oil), As Fig - 
ure 2 shows, in this region the work of destruction of the struc- 
tural skeleton rises sharply with increase of shear stress, which is 
due to the gradual destruction of increasing numbers of primary 
bonds as the shear stress increases, When all the primary bonds 
are completely destroyed and the flow is opposed only by secondary bonds, formed as the result of thixotropic 
structure formation in the stream, the rate of increase of the work of destruction of the structural skeleton be- 
gins to fall(in Figure 1 at shear stresses above Fs). On further increase of the shear stress and rate of flow, 

the nature of the rheological curve is determined only by the number of destroyed secondary bonds which have 
time to be restored in unit time or distance. As the rate of flow increases, the number of bonds restored will 
be less, and the specific value of the viscous resistance of the liquid phase in the total resistance to flow of 
the grease will increase; this is clearly seen in Figure 3, which shows, in logarithmic coordinates, the curve 

for the flow of Solidol in the limits of six logarithmic orders of velocity gradients, experimentally determined 
by the author jointly with G. F. Shuleiko, This curve, of a form similar to the experimental curves published 
by Vinogradov and co-workers [9], corresponds to the region between the shear stresses Rj and F, on the graph 
of Figure 1, 


Fig, 2. Flow curve for Solidol at shear 
stresses above the upper flow limit; 

A ~- liquid component of the grease 
(spindle oil); B - grease, 


At greater shear stresses and correspondingly greater velocity gradients, viscosimetric measurements 
no longer give sufficiently reliable results. For investigations in this region, the author used the method of 
mechanical equivalents [10], and obtained values which correspond to the portion of the curve between shear 
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stresses Fs and F¢ of Figure 1, As the Figure shows, in this region the curve. passes into a straight line, the continua 
tion of which crosses the stress axis at the point Fo, At shear stresses greater than Fs the velocity increases so much 
that restoration of structure has no time to occur, and the separate dispersed particles, overcoming thermal morgan ] 
are completely oriented in the direction of the stream. . 


In this region the flow of the grease with a completely des- 109 srs 
troyed structure again obeys the Shvedov equation: 


F=-Fy 


dv/dx = const, 


et) 


In this equation Fy is the quantitative measure, not of 

the resistance of the structural skeleton to destruction, 2 
but of the resistance of the oriented dispersed particles 

to thermal motion, * 1 


SUMMARY 


The flow of structurized dispersions of anisodiametric parti- 
cles in a liquid medium, which include lubricant greases, obeys 
different laws in different regions of stresses and rates of shear, ae! 
depending on the elementary deformation of the disperse phase 


and the dispersion medium, Three zones of flow are clearly a 
distinguished: 
a) Zone of creep. The flow obeys the Shvedov equa- Fig. 3, Flow curve for Solidol: 
ion: Z 
; = A - liquid component of the 
kit eel MU ehh WW Hate 
dv/dx grease (spindle oil); B - grease. 


where F, is the elastic limit of the structural skeleton, 


b) Zone of flow with continuing destruction and restoration of the structural skeleton, The rate of flow in 


this zone depends on changes of the equilibrium strength of the structural skeleton, which is a function of the strength Ps 


limit of the structural skeleton and the rate of thixotropic restoration, Only if these elemental factors are taken into 
account is it possible to derive an equation for the flow of lubricant greases and similar structurized dispersions in 
this zone; however, the possibility is not excluded of the selection of an empirical equation which would more or 
less satisfactorily describe the flow of individual types of greases in this zone. 


c) Zone of flow with completely destroyed structure. The flow obeys the Shvedov Equation are const., 
where Fy is the orientation stress of the dispersed particles. 
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INFLUENCE OF OXIDATION OF RUBBERS ON THE KINETICS OF THEIR SWELLING 


V. E. Gul, I. V. Khodzhaeva, and B. A. Dogadkin 


The penetration of a solvent into the volume of a high polymer is caused jointly by the appearance of 
molecular interaction forces and change in the entropy of the system, The equilibrium state of a swollen high 
polymer placed in a solvent has been examined from this standpoint by numerous authors [1,2]. Although the 
effect of the nature of the molecular interaction on the kinetics of swelling was recognized in several studies, 
this side of the question was developed little. Study of the rate of swelling of different rubbers in different sol- 
vents first required the development of a technique with the aid of which it {s possible to measure the change 
of weight or volume of the swollen specimen without taking into account the effect of interaction with oxygen, 


As the observed picture may be distorted by struc- 
ture formation and degradation processes in the polymer, 
caused by the action of atmospheric oxygen, developing 
simultaneously with swelling, appropriate experiments 
were carried out in order to take into account the effect 
of the action of oxygen. To elucidate the effect of oxi- 
dation of the rubber hydrocarbon on its swelling kinetics, 
the swelling kinetics of rubbers aged for different times 
was observed, and swelling rates of rubbers with and 
without added antioxidant were also determined, 


Figures 1 and 2 show kinetic swelling curves for 
butadiene-styrene rubber thermally aged for different 
times in an air thermostat at 80°. In this experiment 
the solvent was so chosen that the absolute values of 
swelling were not too low, and in which the oxidized 
product swells more than the unaged. For this reason, the swelling kinetics of SKS-30 rubber of different 
aging times in ethyl methyl ketone, and in ethyl and methyl alcohols, was studied, As the aged specimens 
showed unlimited swelling in ethyl methyl ketone, the use of this solvent was abandoned. The degree of 
swelling of SKS-30 rubber of different aging times in ethyl alcohol was considerably less than in methyl al- 
cohol, but the nature and the configuration of the swelling curves were much the same as in methyl alcohol. 
The testing technique consisted of cutting out eight specimens 3,5 x 3.5 mm from different places in the sheet 
of rubber and placing them in tall vessels with well-fitting ground glass covers, containing 5 ml of the solvent. 


Fig, 1, Kinetics of swelling of SKS+30 rubber 
of various degrees of thermal aging in ethyl 
alcohol; 1 - before aging; 2 - aged 8 days; 

3 - aged 15 days; 4 - aged 23 days. 


The degree of swelling Q was determined 
from the Equation : 
.Es 
Q “Pe % 


where P, was the weight of the swollen speci- 
men and r. the weight of the specimen after 
evaporation of the solvent, 


Examination of the swelling kinetics 
of SKS-30 rubbers of different degrees of ag- 
ing in methyl alcohol shows that unaged rubber 


i lling i Ke) 
reaches the pam degree of swelling in { O40 BO 12160 B00 240260 
methyl alcohol in 30 hours, after which there is TIME OF SWELUNG, HOURS 
no significant change of Q during 110 hours of 


Fig. 2. Kinetics of swelling of SKS-30 rubber of various 

degrees of thermal aging in methyl alcohol: 1 - before 
All the rubbers subjected to aging aging; 2 - aged 8 days; 3 - aged 15 days; 4 - aged 23 days, 

show continuously increasing swelling in 

methyl alcohol. The kinetic swelling curves for these specimens are more smooth, and pass into straight lines 

after about 200 hours swelling, 


swelling, , 
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There is a sharp increase of the degree of swelling in methyl alcohol for rubber aged for 8 days, followed by 
a greater degree for rubber aged 15 days. Further increase of the aging time to 23 days does not significantly alter 


the degree of swelling. 
Similar behavior is observed for rubbers swollen in ethyl alcohol. 


This variation of the swelling kinetics and of the absolute swelling values apparently indicates processes of 
degradation, structure formation, and accumulation of polar groups, taking place in divinyl-styrene rubber during 
aging. During the first 8 days of aging the predominant process is the bre akdown of the molecular chains accom - 
panied by accumulation of polar groups. Subsequently, the degradation process begins to be suppressed by joining 
of the rubber molecules with the formation of a spatial network. The formation of cross-links decreases the mob- 
ility of the chain molecules of rubber, and consequently some configurations become inaccessible. These latter 
changes im the rubber structure lead to a decrease of the entropy of swelling. 


Further increase of the aging time of butadiene~-styrene rubber apparently does not lead to any significant 
changes in its structure, and as a result the degree of swelling of the specimen after the 3rd aging period (Curve 4) 
is only slightly less than that of rubber after the 2nd aging period (Curve 3). 


It should be noted that these results are in good agreement with the plasticity data (Defo) for these rubbers. 


We give below the plasticity values (Defo) for butadiene-styrene rubbers of different aging times: 


Betore Aging | iecas secre aii neue 350 
AGEM 8 daySh mo Sela yade kn 1850 
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The sharp decrease of the plasticity (Defo) after 8 days aging indicates deep degradative processes which are 
subsequently increasingly masked by processes of cross-linking of the degraded molecules. 


This peculiar type of structure formation does 
not greatly affect the plasticity (Defo) since it leads 
to the formation of branched molecules. 


Thus, oxidative degradation and accumulation 
of polar oxidation products in butadiene-styrene rubber 
is accompanied by increased swelling in methyl and 
ethyl alcohols, while the process of structurization is ac- Pdvedieertcyd 
companied by decrease of maximum swelling. The ef- p 
fect of oxidation of rubber on the kinetics of swelling 
is seen even more clearly in tests of butadiene -styrene 
tubber after previous removal of antioxidant and soluble 
oxidation products, Specimens of butadiene -styrene TIME OF SWELLING, HOURS 
. rubber were extracted with methyl alcohol, dried ina 
vacuum, and again subjected to swelling in methyl 
alcohol, The Graph (Figure 3) shows kinetic swelling 
curves for butadiene-styrene rubber containing Neo- 
zone D (nonextracted) and without antioxidant (extrac- 
ted). These results show quite clearly the change in the ~ 
nature of swelling of rubber after removal of substances which protect it from the oxidizing action of oxygen. Rubber 
which was not subjected to preliminary extraction reaches its maximum swelling in the first 20 hours, after which the 
degree of swelling does not change. If the antioxidant is removed from the rubber, the degree of swelling increases 
continuously and maximum swelling is only reached after 320 hours, 


Fig. 3. Kinetics of swelling of SKS-30 rubber in 
methyl alcohol before (Curve 1) and after (Curve 
2) preliminary extraction with methyl alcohol 
for 10 days. 


By a comparison of molecular weight values it is possible to follow the effect of structural changes which 
take place in butadiene-styrene rubber during its thermal aging, and the influence of these changes on the swelling 
of this rubber in methyl alcohol. As was shown by Dogadkin [3], the value of the molecular weight determined by 
any one method is not sufficient for drawing definite conclusions concerning the changes taking place in the rubber. 
It, therefore, became necessary to obtain molecular weight values determined by the viscosimetric method or by 
light scattering. The viscosity and light scattering methods for solutions were used for the determination of the 
molecular weights of butadiene-styrene rubbers of different degrees of aging, The viscosimetric molecular weight 
values were calculated from the f ormula:; 
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[n] = kM, 


where [7 ] is the intrinsic viscosity, M is the molecular weight, k is a constant for butadiene-styrene copolymer solu- 
tions, equal to 5.4 x 10°% qa is a constant equal to 0.66. . 


Figure 4 shows the variation of the molecular weight determined by viscosity and light scattering, with the 
time of aging of butadiene-styzene rubber in an air thermostat at 80°. 


It follows from the results shown in Figure 4 that 
aging in these conditions is accompanied by increase of 
the weight-average molecular weight and decrease of vis- 
cosity due to the joining of chain fragments into branched 
formations. 


The molecular weight, determined viscosimetrical - 
ly, decreased due to the fact that the branched molecules 
formed have a smaller effective volume and therefore re - 
sult in a decreased solution viscosity. The viscosimetric 
molecular weights of rubbers aged for 0, 8, and 15 days were 
217,000, 103,000, and 64,000, respectively. TIME OF SWELLING, DAYS 


REMTIVE ViSCosiTy 


Thus, it is confirmed that aging of butadiene-styrene 
rubber is accompanied by formation of spatial structures, 
which, at a certain stage of the oxidation, leads to an 
increase of the gel fraction content and to a decrease of 
the degree of swelling, 


Fig. 4. Variation of molecular weight determined 
by the light scattering and relative viscosity methods 
for solutions of SKS-30 rubber, with aging time: 

1) Molecular weight; 2) relative viscosity, 


Figure 5 shows graphically the relationship between the gel fraction content and the aging time. Examina- 
tion of this relationship shows that after 15 days of thermal aging appreciable cross-linking of the chain molecules 
occurs, which apparently produces a sharp decrease in the degree of swelling. 


As the oxidation of butadiene-styrene rubber is ac- 
companied by a change of structure which does not follow 
the oxidation in a regular manner (from the viewpoint of 
its effect on swelling), the effect of the oxidation process 
on swelling was also examined with natural rubber, 


Sy 
=) 
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Figure 6 and 7 show the swelling kinetics of differ- 
4 a2 a 20 A ent specimens of natural rubber in methyl alcohol, and also 
TIME OF AGING, DAYS the swelling kinetics of smoked sheet rubber, aged for 9 and 
20 days at 80°. 


CONTENT OF 
GEL FRACTIONS, Yo 
rho 
CG 
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Fig. 5. Variation of the gel fraction content 


inetic swelli for the 3rd : imen 
eee an rubbenynith aging the. The kinetic swelling curve for the 8rd specimen of 


rubber, which rises steadily, is worthy of attention. This 
type of curve is evidence of continuous oxidation of the 
polymer during swelling, as a result of which the degree of swelling increases continuously, It will later be shown 
that specimen 3 has, in fact, poor resistance to the action of oxygen, and, therefore, it readily reacts with the oxygen 
dissolved in methyl alcohol during the swelling process, This leads, on the one hand, to an accumulation of polar 
oxidized groups, and on the other, to formation of branched molecules of rubber, which increases the degree of 
swelling of the rubber. To confirm these views concerning the oxidative processes which take place during the swell- 
ing of rubber, a special experiment was performed on the swelling of natural rubber with and without antioxidant. 


The rubber was dissolved in benzene and reprecipitated, and the pure rubber hydrocarbon so obtained, con- 
taining no antioxidants, was subjected to swelling in methyl alcohol. All the operations in the preparation of pure 
hydrocarbon of natural rubber were carried out in an atmosphere of purified nitrogen. Figure 8 shows data on the 
swelling kinetics of the pure hydrocarbon and of rubber containing natural protective substances. These data con- 
firm the views put forward above. The swelling curve for the pure hydrocarbon is smooth and gradually passes 
into a straight line, and it proved impossible to reach the maximum swelling, while the original rubber reaches 
its limit of swelling after about 70 hours. 


Similar behavior is shown, as can be seen from Figure 7, also by rubber subjected to thermooxidative ac - 
tion for a definite period. Figure 7 shows kinetic swelling curves for natural rubber, not aged and aged at 80° 
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O 4O 80 120 160 200 240 280 “O 40 60 120 160 200 Ho 260 320 
TIME OF SWELUNG, HOURS _ TIME OF SWELUNG, HOURS 
Fig. 6. Kinetics of swelling of different specimens of Fig. 7. Kinetics of swelling of smoked sheet rubber 
smoked sheet rubber in methyl alcohol, after different times of thermal aging: HC - nonaged 


rubber; 1C = aged 9 days; 2C - aged 20 days. 
for 9 and 20 days. The rubber, the molecules of which 
did not undergo the degradative action of oxygen, has a lower degree of swelling than the aged rubber of lower mole- 
cular weight. In addition, the swelling curve for the specimen aged for 20 days rises steadily, which is evidence that 
the swelling process is accompanied by the addition of oxygen to the rubber. This is a consequente of the fact that 
preliminary aging led to impoverishment of the rubber in its natural antioxidants. It will be shown later that this 
rubber has practically no induction period in oxidation at 148°, while the specimen not subjected to preliminary 
aging has an 11-hour induction period at the same temperature. 


into the volume of the polymer. 


The increase of the degree of swelling of natural rubber with aging must be attributed to the effect of ac- f 
cumulating polar groups of atoms, Accumulation a ; 
of polar groups of atoms increases both the equil- (12 
ibrium degree of swelling (due to the energy fac- 
tor) and also the rate of penetration of the solvent ' 

2 


To confirm our views concerning the in- Paix | << 
fluence of oxidative processes on the swelling kin- et To 
etics of rubber, we determined the oxidation kin- . r ; . 
etics of the natural rubber studied, and also deter- | A ela ester hie 4 
ARCS 


mined its molecular weight. The oxidation kin- 


: ) : ° ia 
Grice was studied by the barometric method at 143 1.00, BO iO BO 520 A0O /@ 
in the Dufraisse apparatus. The results of the ex- TIME OF SWELUNG, HOURS ie 
periments are shown in Figure 9 and 10. Fig. 8. Kinetics of swelling of natural rubber in methyl 


alcohol: 1) Smoked sheet containing natural substances; 


vas ’ : 
ssh AAG Daca oo eM Gas uae 2) pure hydrocarbon of smoked sheet rubber. 


specimens studied have different induction per- 
idds. The greatest induction period is shown by 
specimen 1 - about 12 hours, whichis followed by specimen 4, about 8 hours, then specimens 5 and 2, about 4-6 hours, 
and finally, the smallest induction period is shown by specimen 3, which is apparently not so well protected by natural 
antioxidants as the other specimens, 


As regards rubber subjected to preliminary aging, it can be seen from Figure 10, that the induction period is 
less as the preliminary aging time of the rubber is greater. Rubber aged for 20 days has practically no induction per- 
iod. Rubber aged for 9 days has an induction period of about 4 hours, and unaged rubber, 10 hours. 


We now tum to an examination of the molecular weights of the natural rubbers studied. It can be seen from 
the data of Table 1 that the rubbers lie in the following order by their molecular weight values: specimen 5 has 
the greatest average molecular weight. Specimen 4has, like specimen 5, a high molecular weight, determined by 
the osmotic method. Specimen 2 is a little below specimen 5; specimen 1 has the same value of molecular weight, 
determined by the osmotic method, The lowest values of molecular weights determined by the osmotic and vis- 
cosimetric methods are shown by Specimen 3. 


We are of the opinion that the conditiors of formation of rubber in the plant ensure in all cases an approxi- 
mately equal degree of branching of the macromolecules, if it occurs at all, Therefore, the difference between the 
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Fig. 9. Kinetics of oxidation of different specimens of 
smoked sheet rubber by molecular oxygen at 143°. 


TABLE 1 

Molecular weights of specimens 1, 2, 3, 4 and 5 of 
smoked sheet rubber, and of smoked sheet rubber 
not subjected to aging and aged for 9 and 20 days 
at 80°, determined by the visocity, osmometric, and 
light scattering methods. 


Light scatter - 
ing method 


1 330 000 270 000 = 
2 240 000 270 000 s 
3 160 000 180 000 a 
4 270 000 310 000 = 
5 310 000 290 000 a 
HC 380 000 380 000 
1c 310 000 280 000 
2C 210 000 100 000 


Note, HC - rubber not subjected to aging; 1C - 
rubber aged for 9 days; 2C - rubber aged for 
20 days. 


molecular weights determined by the osmotic and vis- 
cosimetric methods is mainly due to the polydispersity 
of the product. Accordingly, the least polydisperse 
specimen must be considered specimen 5, for which 

the viscosimetric and osmometric molecular weights 

are practically equal. The most polydisperse are speci- 
mens 1 and 4, the osmotic and viscosimetric molecular 
weights of which differ considerably. All the above con- 
siderations are only valid if the ratio of sol to gel frac- 
tions is approximately the same for all the rubbers, As 
can be seen from the data of Table 2, the gel fraction 
content in the smoked sheet specimens varies from 3 to 
6% which, in our view, could not significantly affect 
either the molecular weights of the soluble fraction, 

or the other physico-chemical properties of the rubber. 


Investigations showed (see Figures 6 and 7) that 
the natural rubbers studied, having greater molec ular 
weights, have lower maxima of swelling in methyl 
alcohol, 
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Fig. 10. Kinetics of oxidation of smoked sheet rubber 
after different periods of thermal aging at 143°; 1) 
aged 9 days; 2) aged 20 days; 3) nonaged rubber. 


The greatest differences between the molecular weights of the rubbers were most probably the result of 
the action of oxygen. In this connection, specimen 3, with a high content of polar oxidized groups, has the lowest 
molecuar weight. Specimens 4 and 5, with the highest molecular weights, which is evidence of their low degree 
of oxidation, show the least swelling in methyl alcohol — their swelling curves lie below all the others. Specimen 


1 occupies an intermediate position. 


TABLE 2 
Gel fraction content of the smoked sheet specimens studied. 


Gel fraction, % 


Thus, the experimental material pre - 
sented here supports the supposition that there 
is a definite relationship between the degree 
of oxidation of natural rubber and the value of 
the maximum swelling in polar solvents. The 
greater the degree of oxidation of the rubber, 
the greater is the value of the maximum swelling 
in methyl alcohol, 


397 


It must be noted that swelling in a polar solvent excludes partial solubility of the polymer, and consequently 
the changes in the rubber as the result of the action of oxygen and of differences in the molecular characteristics 
are not masked by superimposition of swelling and’solution processes, In addition, in these experimental conditions, 
the non-rubber, oxygen-containing impurities, which have considerably lower molecular weights, are ta&en up by 
the methyl alcohol. and theref ore, the swelling value found is characteristic of the rubber hydrocarbon itself. Num. = 
erous experiments on the swelling of natural rubber showed that on the average, methyl alcohol takes up about 38% 
of the weight of the specimen taken, so that most of the low-molecular non-rubber impurities are washed out, 


The swelling of rubber in a polar solvent can be used to obtain information on the stability of rubber to the 
action of oxygen. In this case the swelling process may be considered as an accelerated test method for the resista 
of rubber to aging. This method has the advantage over those previously known (aging in a thermostat, aging in an 
oxygen bomb) of being sufficiently rapid at room temperature, and to obtain information on the behavior of rubber 
in storage it is not necessary to determine the temperature coefficients of the re actions which occur during aging. 


In the swelling process the solvent molecules penetrate among the polymer molecules, and so facilitate 
the access of oxygen dissolved in the solvent to the most reactive regions of the rubber molecules — the double bonds. 


Since the addition of oxygen is not instantaneous, but takes time, the degree of swelling also increases con- 
tinuously during the whole time the rubber is in contact with the swelling agent. In consequence, the kinetic swell- 
ing curve for rubber, when the interaction with axygen takes place beyond the region characteristic of rapid diffusion, 
has a practically linear region, which reflects a slow change of the degree of swelling as the result of oxidative 
processes. 


If the rubber is effectively protected by natural antioxidants, the addition of ‘oxygen at normal temperature } 
is very slow, and the above effect is not observed, The swelling maximum is attained in a relatively short time, 
and the degree of swelling subsequently does not alter. 


Thus, with the kinetic swelling curves shown in Figures 1 -8 it is possible to evaluate both the degree of 
oxidation of the rubbers studied, or the functionally related length of the molecular chain, and also their capacity 
to withstand the oxidative action of oxygen, 


The absolute values of the maximum swelling (in consequence of the absence of oxidative processes) depend 
on the molecular characteristics of the high polymer, such as the molecular weight, polydispersity, and the ratio of 
gel and sol fractions. In addition, the degree of swelling is also determined by the molecular interaction between 
the solvent and the polymer. From this point of view the composition of the impurities which pass into solution 
during swelling, and also the degree of oxidation of the rubber, are by no means insignificant. 


SUMMARY 


1. The swelling of rubber in conditions of interaction with oxygen is represented by a kinetic curve which 
has a sharply rising region, which corres ponds to diffusional penetration of the solvent, followed by a practically 
straight region, which reflects a slow change of the degree of Swelling as the result of oxidative processes ac - 
companying swelling. 


2. The swelling maximum of rubber in a polar solvent, if the effect of oxidation is excluded, character- 
izes the molecular weight, the polydispersity, and other structural characteristics of the rubber. The inclination 
of the straight portion of the kinetic ide curve may serve as a measure of the stability of the rubber to oxi- 
dation. 
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THE THIOXOTROPY OF SOILS AND THE VIBRATIONAL METHOD 


B, M, Gumensky 


During the last 3-4 years vibrators have been extensively used in building construction for pile driving; 
they are also being used for drilling loose and clay soils. Thus, a new type of operation has appeared — vibra- 
tional pile driving and vibrational drilling of soils, which is being used increasingly each year, as even during 
the development period these processes enabled their operating time and cost to be shortened several times, It 
may confidently be said that when these methods have been fully adopted and developed, their value will in- 
crease still further, At the same time, the literature on these methods [1-4], contains no definite data on the 
nature of the processes which take place during the operation in clay soils. There are only very broad general- 
izations that in such cases there is a great decrease of the shear resistance of the soils, so that the pile or the 
vibrator cylinder can sink into the soil by the action of its own weight and the weight of the vibrator easily, 
"like a knife through butter". In this connection the view of one of the specialists in the field of application 
of vibrators for driving piles and vibrational drilling, D, D. Barkan, is of interest. In his book on the vibration 
of building foundations [5] Barkan writes: "The physical processes which cause changes in the properties of sodl 
during vibration, and in particular, the decrease of resistance to external loads, are still not definitely clarified. 
Apparently, under the action of vibration, the physical effects which occur in the soil produce a decrease in the 
forces of friction and cohesion in the soil," 


It is natural that in the absence of clear concepts of the nature of the processes which take place in these 
cases it is not possible to control them deliberately, to develop the appropriate construction of vibrators, and to 
establish a rational technology of the operations in relation to the conditions in which they are carried out. 


In our studies of clay soils in vibrational drilling, we set ourselves the problem of clarifying the nature of 
the processes which take place. With this aim vibrational drilling was carried out in clay soils of different granu- 
lometric compositions and physical states, and also of different origins and ages. 


Observations show that in vibrational drilling, and also in vibrational pile driving, etc., the clay soils dur- 
ing vibration; that is, temporarily, change their physical state and pass in some cases from a solid, in others, from 
a semisolid, and in yet others, from a plastic state, into a viscofluid state (to different extents), depending on the 
granulometric composition, the strength of the structural bonds, consistency, étc., and also the power and special 
properties of the vibrator and its operating conditions. 


We put forward the view that the thixotropic effects which occur in the vibration of clay soils are due to 
the transition of physically bound water into free water [2]. The appearance of the latter produces the above-men- 
tioned decrease in the resistance to shear of clay soils, as a result of which the vibrator cylinder sinks into them. 
The time for the vibrator cylinder to sink in to a depth of 2 meters is measured in minutes, and sometimes even 
less, depending on a number of conditions, while in drilling by hand this requires several hours. 


The thixotropic effect, as is known, 
consists of two «reversible processes: transi- 
tion of a gel to a sol, and of asol toagel. The 
state of affairs described above represents the 
transition of a gel to asol. Transition from a 
sol to a gel is observed after the cessation of 
vibration of clay soils, as can be seen from the 


3 following observations and investigations.. Dur- 

ane] | [a ing vibration, in the vibrator cylinder extracted 
3° 

at Fae from the borehole, containing lower Cambrian 


semihard clay which, as was established by 
special investigations, contained only physically 
bound water, a film of free water appeared on 
the clay serface and conferred a luster to it. As soon as the vibration ceased, however, the film disappeared at 
once, the free water passed into physically bound water, and the soil changed its physical state and became dull 


Fig. 1. Diagram of a divided vibrator cylinder, 
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Fig. 2. Structure of the 
soil in a river valley 
(scale 1; 25): 1) Brown 
loam; 2) light brown — 
loam; 3) loam and gravel; 
4) brown loam; 5) sandy 
loam, reddish-brown in 
color, with layers of grey- 
ish loam in slanting beds; 
6) fine-grained micaceous 
moist reddish brown sand; 
1) medium-grained brown 
sand; 8) slightly moist 
reddish brown sandy. loam; 
9) fine-grained, pale yel- 
low sand with layers of 
dark sand, 3.12 - 3.18 m— 
sooty layer; 10 — sandy 
loam, ‘light brown, slightly 
moist; a layer of medium- 
grained sand at a depth of 
-4,25- 4,27 m, 
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in appearance. In this case 1-2 minutes or less were necessary before the soil, whic Ts 
previously was so viscous that it flowed freely but slowly from the cylinder, like pitch, 
became dense and lost all power of flow. Furthermore, it became so compact that a 
great effort was needed to extract it from the cylinder, A similar state of affairs was — 
found in vibratory drilling of toughly plastic moraine soils and other types of deposits. 


In our view the sol-gel transition described above also depends on a process 
of transformation of water, but one which occurs in the reverse direction: free water 
passes into physically bound. water, 


Confirmation of this view, which arose as the reult of observations of vibra- 
tory drilling of clay soils in 1952, is given by the results of 1953 observations, when 
about a dozen boreholes were made on an experimental site by the vibratory method, 
In a number of cases the holes were made with the aid of a divided cylinder 1 m in 
length (Figure 1). It is seen fromthe figure that the divided cylinder consists of two” 
halves making a hollow cylinder with an inner diameter of 102 mm. During the bor- 
ing these halves are joined at the top by a head and at the base by a shoe. The vi- 
bratory drilling was carried out through an alluvial layer making up a terrace above the 
river in a valley. The structure of this layer is shown diagrammatically in Figure 2, 
prepared by N. M. Markova. 


It is seen from Figure 2 and the appended descriptions of the soils that a. 
peculiarity of the layers of alluvial loams is the presence of thin layers of sand. 


When the divided cylinder described above was raised, in a number of in- 
stances a thin stream of water was observed, flowing from a number of points of 
the gap separating the cylinder into two halves, onto their outer surface, This gave 
observers the impression that water-bearing layers, the soils in which were saturated 
with water, had been passed in the drilling process. However, no free water was 
found in the borehole. In addition, when the soil samples extracted by the divided 
cylinder were examined, they were found to be so "dry" that there could be no ques- 
tion of their being water-bearing, It is important to note that the flow of water was 
correlated with the sites of the clay layers, 


The question arises: what is the source of the free-flowing water at a mumber 
of points in the gap? If we accept the above view concerning the transition of physi- 
cally bound water into free water during the vibration of clay soils, and caversion of 
the free water into physically bound water when vibration ceases, then it appears that 
this view is once again confirmed by these data on the flow of free water from the gap. q 
Confirmation of this viewpoint is seen in the data given in the Table, obtained from one 
of the experimental sites at the place indicated above — where the flow of free water 
was observed through the gap in the divided cylinder, 


TABLE 
Data on Natural Moisture of Soils in Borehole No. 8. 


Sampling 
depth,in 
m 


| Sampling 
depth, in 


Drilled 
hole 


vibratory 
-drilling 


vibratory 
|. drilling 


| 1.35- 1.40 


1,05 - 1.10 
1.15 - 1,20 1,45 - 1.47 
1,25 -1.30 


1,65 - 1.69 


It is likely that if there was not transition of physically bound water to free 
water during the vibration of clay soils, then the same natural moisture content would 


| ‘ be expected both in the drilled hole and in the borehole made by vibratory drilling, in samples from the same depths, 


at which the flow of free water was observed, However, the table shows that the natural moisture content of the same 
soils is considerably higher in the drilled than in the vibrodrilled hole. 


After this, the question may arise, why no 
flow of water takes place in drilling with an un- 
divided cylinder (Figure 3), as was shown by 
special experiments on vibratory drilling with such 
a cylinder in the same soils as were bored with the 
divided cylinder. The above effect of flow of free 
water was not observed with the undivided cylinder; 
because the free water which was released as the re- 

sult of the transformation of the physically bound 
Fig. 3. Diagram of undivided cylinder. water, was able to become, and in fact immediately 
did become, bound by the soil which was on the 
surface at the opening. In the divided cylinder, 
on the other hand, this free water had an outlet to the outside through the gap, and it passed through this, covering 
the outer surface of the halves which constitute the cylinder. By passing to the outside, the water decreased the 
natural moisture content of the soil in the vibratory-drilled hole, as was shown by the investigations (see Table). 


SUMMARY 


In the vibration of clay soils, thixotropic changes occur, caused by the transition of bound water into free 
water. The presence of the latter sharply lowers the shear resistance forces of the soils, which is the reason why 
vatious bodies such as piles, etc., can be sunk into them, 
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THEORY OF HETEROCOAGULATION, INTERACTION, AND COHESION OF UNLIKE 
PARTICLES IN SOLUTIONS OF ELECTROLYTES* 


B. -V. Deryagin 


1. In previous papers we developed a theory of the interaction of particles [1] and the coagulation of hydro- 
phobic colloids, which led to the establishment of criteria for the cohesion of particles and for the coagulation of 
hydrophobic sols and suspensions, both weakly charged [2] and strongly charged [3]; the criteria found provided a 
theoretical basis for the further developed rules of Hardy and Schulze [3] and Wo. Ostwald [3], and also of Eilers 
and Korff** [5, 7]. 


The basis of this theory was the calculation for the symmetrical case of interaction in a solution of electro- 
lyte (with van der Waals forces taken into account) between particles of the same kind, charged at the same poten- 
tial, 

However, the development of the theory of heterocoagulation — the coagulation of heterogeneous mixtures 
of particles, and also of the theory of adhesion of particles to surfaces of different nature — adagulation***, accord- 
ing to Smoluchowsky [8] demands the examination of a general "nonsymmetrical” case, In this case, the sign 
(direction) can change, not only of the electrostatic interaction force, but also of the resultant van der Waals inter- 
action. 


Let us first examine a plane-parallel layer, of thickness h, of a solution of a binary electrolyte between the 
surfaces of plates 1 and 2, charged to the potentials ~, and y~, > ~,. We assume that the potential in the electro- 
lyte solution obeys the equation: 


d@ a gab 
Sp 2 (etbo_e-zab¥), 1 
axe 3 : 
e 
where b =— = e is the electronic charge; F is the Faraday number; k is the Boltzmann constant; R_is the gas 
constant; Tis the absolute temperature: z, and zp are the electrovalencies of the anion and the cation, 


CSTR 85 
a Foy oNe = Dp czmNy ie Zon Ny, 


where D is the dielectric constant; N is the Avogadro number; c is the concentration in g-equiv. per 1 em’; y is the 
concentration in mole per 1 cm’; Ty and ny are the dissociation numbers. 


Equation (1) is transformed into the form: 


d? 1 “ 
ree =3(e?—e By, (2) 


by the introduction of the parameter B eat and the dimensionless variables: 
1 


* The centents of Part 1 are based on work carried out jointly with V. G. Levich [15]. 


** The derivation of these rules by Verwey and Overbeek (the second of these rules without an indication of its 
kinship with the Eilers and Korff rule) was published considerably later [4] without citation of our work and com- 
munications, and with erroneous stressing of the authors’ priority (pages VI and 188). 


*** By heterocoagulation we understand the cohesion, as the result of Brownian movement, of particles hetero- 
geneous in nature, as happens, for example, in mixtures of two sols; by adagulation it is appropriate to understand 
the adhesion of Brownian particles to macrosurfaces or fibers and other macrosurfaces, the Brownian movement of 
which may be neglected because of their large mass, In cases when it is important to stress that the nature of the 
surfaces of the Brownian particles and the "“macroparticles" differs (it may also be the same in some instances) it is 
logical to use the term “heteroadagulation", It is then important to stress that the terms “heterocoagulation” and 
"adagulation" are by no means equivalent — the first stresses the different nature of the particle surfaces, and the 
second, the difference in their dimensions and masses, and consequently in their Brownian mobility. 
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where 


1 
oe he bz;. yas I 
k = 2 = \/abzy (2") 
From Equation (2), by integration, we have: 
dg¥ 1 
(a) coe ) 


where the value of C must be so chosen that the difference x;—x of the values of x =x, and x =X, for which 
@ = Py =2 by, and —Y = ge = zyby, should be equal to H = h/d, As was shown previously [1], the repulsion be- 
tween the plates per unit area, P, is: 


P _KTNe_ ef, ae (4) 
Zy Ths 
where 1 ; 
=C-1- = 5 
w 3 (5) 


Instead of establishing the relationship between H and 
w by determination of values of w corresponding to variow 
values of H, it is much simpler, although less natural in the 
physical sense, to determine H as a function of w (for any given 
values of 94, ¢ and of the parameter 8), For this purpose let 
us examine in Figure 1 a group of integral curves ¢y = 9(x,C) 
for Equation (3), passing through a point with the coordinates 
x = 0, y =, that is, asymptotic to the x -axis and correspond- 
ing to different values of C and therefore to different values of w. | 


For the case w < 0, dgy/dy is not equal to zero for any 
values of y, and therefore the integral form of Equation (3) may 
be written in the form: 


Pe Sole = ia on oe 

Si ctiave nl Ww 

‘i B B 

We 1, a representation of a When w = 0, the integral curve (shown by a dotted line 
group of isodynamic curves for the case in Figure 1) also has the abscissa axis as an asymptote, 
of the interaction, in a solution of elec- , 


trolyte, of surfaces the potentials of 
which have given unequal values. 


When w > 0, each integral curve has a minimum : of 
height y = go, determined from the equation: 


0% =o BM = =145 +u, (7) 


which in this case always has one positive root, 


The abscissa of the minimum is equal to: 


ig dy 
ee ee 
Yo pale tea cid EN. Yoh 


Forxs< Xm the integral of Equation (3) is also given by Equation (6). 


ForxX> Xin 


‘ : 

Xe heat 5 7 as TS, (9) 

N F — pals sae a 
Yo ePaitigs 1 3 


404 


c d 
x'=2xn- 5 Sap ee @) 
tsi “bP —~j,—-=—— 
e \/e +3. ne 
9 
‘ d 
X =x +2 \ Visto aerrcens unser pramamans ene: (9") 
Po BG Y ae 
B 8 


By intersection of one of these “isodynamic" curves, corresponding to a definite value of w = const,, with 
| straight lines parallel to the abscissa axis, drawn at the levels y = y, and y = ¢», we obtain the possible abscis- 
| sas of the corresponding surfaces x, amd xg, the difference of which gives H. 


For the case w< 0 each such straight line intersects the isodynamic curve at one point, and from Equation 


| (6) we have: 
2 
d 
| Ot eh © 5 “ (10) 
| Py a neen  o Le saw 


Evidently, when w—*> oo, H—~ 0, in accordance with the asymptote law: 
i ae 2 
| tata oan $3) (11) 


| When w = 0 (absence of interaction): 


1 Po 
H=Hy= § : a2 (12) 
dehy wag : 
Py e a tee iene 


When w > 0, attraction passes into repulsion. In that case each straight line y = const,> @» will cut the isodyn- 
amic curve twice. 


The intersections lying to one side (for example, the left) of the minimum on the isodynamic curve will 
give the values of H, which can also be found from Equation (10), 


The intersections lying on different sides of the minimum will give a greater value of H = Loe which, 
from (6) and (9), is equal to: 


J 


oD 

ie oe dg 

HY = Xi X2F 2X, j i 
71 


a \ = ‘ (13) 


It is easily seen that at the value of gp = 9, and therefore when 
Dk ep ls eeehi ye 
= =ett+ 1 ; 14 
W = Wry 8 B (14) 


the straight line y =, will touch the isodynamic curve and H' will be equaltoH. When w > Wy, the straight 
line g = ¢ will not cut the isodynamic curve, and therefore the corresponding values cannot be obtained for any | 
value of H. 


Thus, for any values of g and 2 of the same sign, the force of repulsion reaches a maximum at a certain 
value of H: 


Po d 
H =H = e 


* ar ae . . 405 


1s 


It is very striking that w,, does not depend on_» — the potential of a 
{ the surface with the greater charge. : a) 


Figure 2 is a schematic representation of the dependence of iM 
wonH, which follows from the above analysis, 


The case when 2 >0>,, is more trivial, when w is negative 
for all values of H, and steadily increases in absolute magnitude with © 
decrease of H, 


For the case (f = 1) the relationship between H and w is ex- 
pressed by elliptic integrals, and we have ws0 when from Formula bas 


ee 


tion of electrolyte as a function of 
the distance between them (schematic). 


(10): ’ 
Z ) 
ch 9 " x 
H=k du eRe (16) 
\ Jae Oe ate * 
Fig. 2. Forces of tepulsion between ee Eee | 
‘unequally charged surfaces in a solu- ch = | 


where kf =1+ = cia 


For H' we have from Equation (18): 


1 1 . 
du du 
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Figures 3 and 3a show the exact form of the family of curves for w = u({H, 9) for the case 6 = 1 and for the q 


particular values yz = 10 (which is close to a) and y, = 1 (Figure 3a*). The thickness Hy at which w changes — 
sign, is equal to: 


%2 
Hy = \ dy 1 et ee oi) 


od er aertra” 2! g “ 
al Ph aia € ety, a 
For w,, we have 
Wm =ett +e M—2 = 4sh? a (19) 
and for Hy 4 f 
ae , 
H., =k 
| m ) f a=) 20) 
0 
where 
ch a 
k= i Up = 2 (21) — 
cht one 
For the case yj < 2 <<1 and any value of 8 instead of (7), (16), (17), (18), (19) and (20), we have: 
-~(i+8) 2 Be 
ia} 9 a) ; (22) 


Figure 3a also shows curves for which 9 > ¢. ; 


406 


Fig. 3 Fig. 3a 


Fig. 3, Specific repulsion as a function of distance (isotherms of the electrical component of the wedging pressure) 
for a highly charged plane and different values of the potential of the others plane in a solution of a symmetrical 
electrolyte (exact graph ). 


Fig. 38a, Specific repulsion as a function of distance for a weakly charged plane and different values of the poten- 
tial ~, of the other plane in a solution of a symmetrical electrolyte (exact graph). 


2 
(os 92—-W 
H=In = t (23) 
2u ; 
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2. The force of interaction N of any convex charged surfaces can be found from the general formula der- 
ived previously [5]: 


(2) 

N 

N=G J kTNc 
y 


©O 
P(h)dh =Gd ——~ w(H) dH, (27) 
Y 
where y is the width of the gap at its narrowest point, Y = y/d; G is a form factor which depends on the radius of 
sections; for the case of two spheres of radius r, G =mr. Formula (27) is valid when the radii of curvature are much 
greater than the radius of the force of interaction between the surfaces: 


(r >> d). ; (28) 
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Without giving all the calculations, we will restrict ourselves to reporting the following results. 


With values of g,, and g, of the same sign, the value of N increases with decrease of y and Y, and reaches 
a maximum value of N = N,,, the abscissa ¥_, of which is evidently equal to Hy in Equations (12), (18), and (24), 
and then decreases, changing sign and tending ath» 0 to(— oo) according to the formula: 


- gq? KING. Lor 4)" (29) 
Z y 
The height of the maximum is co 
TN 
Nu cq \ WAH) dH = Gd= = EN (sa a, (30) 
Ym =He 
(31) 
consequently: tag a 
_ ,KTNc 
Nyy = 26d——— { dw \ =f ——— (32) 
9 Ro ee ee 
0 Po ar + B é 8 w 


where @» is determined as a function of w from Formula (7), and w,, as a function of y, from Equation (14), iden- 
tical in form with Equation (7). 


Thus, from Formula (32) we have the remarkable result: the force barrier N,, like Wy: depends only on the 


potential of the surface with the lower charge. 
By changing the order of integration in Equation (32); it may be transformed into: 


Yi je vs rig 
N Sagan 6? + —eB¥—-1-=-dy (33) 
m Zz B B 


In partictilar, for gy >> 1 


9g. 
Nm w sca XENE kTNc os , (34) 


and for g¢,<«<1 
Nai eee aaa aa ae o (35) 


when 6 =1, Equation (33) gives on integration: 


g. af. 
N= sca (.# Re ae 2) = saga she (36) 
We note that 
N ee! 
= = 394 kTNe R gl 


is the height of the energy barrier in relation to thinning of a flat layer. 


8. Let us now examine the resultant energy of dispersional interaction of two unlike particles in a liquid 
medium. If we assume additivity of interaction of different elements in the volume * and applicability of Lon- 
don's formula to the latter, then for the case of plates separated by a plane parallel gap of width h the force of 
attraction Q pér unit area in a vacuum will be [9]: 


A rf 


* This assumption is evidently invalid for condensed bodies, but the relationship which follows from it between 
the particle interaction and distance (37) is apparemly valid for small distances. 


408 


where Ayjz is the constant for dispersional interaction of elements of the volume of the first and second particles. 
For the case when the particles are in a medium which corresponds to the index (3), we have, instead of Equa- 
tion (37): 


Ayo + Age — Aye — A A 
“= AL 2 
Q 67h 6rh® Kee) 


T 
When the particles 1 and 2 are of the same kind, there are reasons for believing [7] that in all cases Q> 0. 


In the present instance, with unlike particles, these reasons do not apply, and cases are undoubtedly possible 
when 


For the force of dispersional interaction S for convex particles we have: 


@ 
A 
$=G { Q(h) dh = GU(y) act (40) 
y 


It should be noted that for distances greater than the dispersional wavelengths, according to Casimir and Polder [10], 
and Abrikosova and Deryagin [11], electromagnetic retardation should be taken into account, and Equations (38) and 
(40) are then replaced by the following: 


B 

Q=74: (41) 
GB 

leas 42 
4 (42) 


4. Let us examine the application of the theory developed above to the cases when A> 0 and A<0., 
The case A > 0. 


In this case a force (or energy) barrier is possible only when the particles have similar charges. In the theory 
of coagulation and cohesion of hydrophobic sols and suspensions [3] it was shown that there are two characteristic types 
of coagulation: 


1, Coagulation as the result of the fall of potential of the surface below a certain critical value J, which sat- 
isfies the Equation [2]: 
dDyp? 
A 


= const, (48) 


2. Coagulation as the result of compression of the ionic double layer on increase of the electrolyte concen- 
tration above the critical value satisfying the Equation [3]: 


D°(kT)° 


sain f(B)A*e°z'nN “ 


Accordingly, in the present case of gy, # y the main interest is pre - 
sented by cases of adhesion, either as the result of compression of the double 
layer when > %,>>1, or as the result of fall of the potential , *; as, for 
the case g_ > y,>> 1, the interaction of the particles will differ appreciably 
from the symmetrical case, according to Formulas (12) and (15) only for very 
small values of H, which will affect the strength of adhesion but not the condi- 
tion of its occurrence, we will, therefore, confine ourselves to the case of ad- 
hesion as the result of fall of g,, assuming further for the sake of simplicity 
and definiteness, that: 


Fig. 4. Interaction of two plates 
as a function of distance in a solu- 
tion of electrolyte for different $2 21> oy: (45) 
values of the potential of one of 
them, close to the disappearance 
of the force barrier (schematic 


diagram). o Rtn ee? 


~ Cases of simultaneous fall of y, and @» are rarer and less characteristic, and therefore are not examined here, par- 
ticularly as these cases may be easily analyzed with the aid of the approximate Formulas (22 - 26). 


Asacondition ofthe adhesion of flat surfaces, according to [3], we require 
the disappearance of the force barrier (which includes both electrostatic and 
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molecular interaction), when the force diagram P-Q,hhas the form shown in Figure 4 by a dotted line. Evidently, 
the values of w and P which lie to the right of the maxima (that is H> = Oa) must be examined, and therefore 
will have real values satisfying the inequality: 


99 <7 <1. (46) 


In this case we must use Equation (13) and, taking into account (8) and (45), we have: 


(47) 


An approximate value of I,, for small values of ¢» may be found using the fact that the relationship betweenIg) and 
@y is identical to the relationship between x'h/2 and 1, in equation (14) of paper [3] when z =1. As follows from 
equation (21) of the same paper [3], for small values of @p, Ig9 is great, and is asymptotically expressed as; 


2 K 
a “\iT a n(S). ; (48) 


where K is a function only of 6; for 8 = 1, K = 8. Further simplification of 1), with (22) and (46) taken into account, 


gives 
H 2 jin +in(-4 Ve 7 } (49) 
1+8 Po Po \ Po 


Conditions for the disappearance of the force barrier are given by the equations: 


dP | dQ , 
db) a 2 . a 
Pin Os eee . (51 
Oe eaten it ) . 
and therefore i 
dinP t 
dae a (52) : 
. . . 7” * R i 
Determination from this of the abscissa ho of the force barrier (see Figure 4) and substitution into (51) gives the ad- 7 
hesion criterion. 
Passing to the dimensionless magnitudes w and H', instead of (52) and (51) we have, taking (4) into : 
account: = 
dH’ 25 
yk din sug aa (58) 
% Nee 4 
Zy oa ea 
GxakTNe. (34) j 
14 ' 
From Equations (49) and (53) we have: 
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With the aid of this Equation it is possible, knowing 9, to find u = ae and conversely. Fig, 5 shows a graph 
0 


for the relationship between u = = and yg, which shows that when ¢< 0.3, #1 is close to unity. By determining u as a 
0 Po m) 


function of g,, we can find gy = g,/u and by substitution in (54), we obtain the required criterion. 
Assuming, as a simplification, that usland % % gy, we obtain the criterion for adhesion in the form 


Az ; 2 2 3 K 
6ndkTNe “V i+6 2” es, 2 


or, replacing gy, and d* according to (2') and (2"), and denoting the concentration in mole./em® by y, and the dis- 
sociation numbers by n; and Ry, we have, instead of Formula (56),: 


A 3 2 3( KkT 
—,- =- |/ ——_ n*§ ( ——}. 517 
Dd; 4 1+8 bere ( ) 


The condition obtained resembles the condition for adhesion 
of two plates, charged to an equal; small potential (corrected 
tule of Eilers and Korff): 


A 


Dave = comst. (58) 


However, in the given case of small values of #,, the right 
hand side of the Equation (57) is greater than that of Equa- 
tion (58) (where it is usually of the order of 1) [2].. There- 
fore, the critical potential of the start of adhesion will be 
lower than in the symmetrical case. 


Fig. 6. Force diagram for two paral- 
lel plates in a solution of electrolyte, 
for the case A < 0 (repulsion resulting 
from the balance of van der Waals’ 


interaction). 
The case A < 0. 


In this case, at small and great distances, repulsion 
always predominates — the two force barriers never vanish, but when p> #y,*, the force diagram may be of a form 


(see Figure 6) characterized by the presence of a force pit of depth Rin: 


If the right-hand force barrier of height Ra eg is overcome by the action of an external force, and the system 
enters the pit, then Nain will evidently represent the force of adhesion, 

With change of the electrolyte composition and of the potentials ~, and #, simultaneous changes will also 
take place in Rite and Rinax 


At low concentrations and values of y, and y» which are not too close and have the same sign R,,4, may 
be calculated, neglecting van der Waals’ forces, with the aid of Formulas (2’), (4), and (14): 


Zyevy Zev j 
R ws P _ KINe ( kT pore kT 1 
max max ml € + i raha eas 3 (59) 


for small yalues of c and 7, this “activational" force barrier is not high, and adhesion is easily effected, 
With increase of c and #4,Py,4x increases, and P in decreases, and for a certain value c = c, , Prin = 9. 


The condition for the complete disappearance of adhesion for the case p 2 > 1, as before, may be found 
from the same Equations (50), (51), (52), and (54), as before, However, in this case instead of H' we must take the 
value H from Formula (10), and as a result, instead of Equation (53) we have: 


dH 1 
=- =H, 60 
dlnw 3 (6) 
where, assuming that 
%, K1, w < 0, I (60°) 


fre # any amp (61) 
HAN Tp {in k in( oy + 7 ut 


* W, is taken as positive, while ~, may have either sign. 
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From Equation (60) we have instead of Equation (55): 


y : ; ) 
EJ BY 20 be Oe tin (gy + \/g- w }) Ink, (62) 
2 2 RE 9 1+8 
A {+ Bo 
Herice, assuming K » 1, and taking into account (60°), we have, approximately: 
higea a V1 +B 
+ 
etd cay (68) 
(when 8 =1, since K = 8, w' & 3); 
3 i 
Hy & a } (64) 


Substitution of H, and we into Equation (54) gives the condition for the disappearance of adhesion: 
A‘'z 3 \" 
——, == cr (65 
6nkT' Ned ¢ ) me ) 
where A’ denotes (— A), w’ =(~ w); hence follows the condition for total impossibility of adhesion, and simultan- 


eously the condition for "peptization" for 1> gy, > 0: 


SD(kT)® 


— 66 
: ’ 4 . 
a Be zon, A'@N Ase} 


For the case ~2> 0 > gy, w is always positive, and for small values of c there is also a pit of force. Let 
us examine the simplest limiting case, when 


Po 21K — gy. (67) 
Analogously, with the foregoing, we write the conditions: 


dH 8 id 


=--+-4H 68 
d Inw’ 3 8 (68) 
pe MM Lis (69) 
6% d°kT Nc : 
+ @ 


(70) 


— oo 
Substituting this value of H in Equation (68), we determine the values of H, and Wes which evidently de- 
pend only on 6. Then, with the aid of Formula (69), we find the stability criterion in the form: 


c’ DX{kT)® 


a 71 
£(B) A’e*cfnN * (7) 


pid ON ee 


Adhesion will occur when the following condition is fulfilled: 
Ak) DARTS 
fe Seer 12 
Y £(B) A%e°zinyN ia) 


For similar and strongly charged surfaces, the stability criterion had [3] the same form [71] [although with 
a different numerical coefficient: c/ {(B)], However, the condition for cohesion was expressed by an inequality 
opposite in kind to Formula (72). In other words, in the case of unlike particles cohesion and coagulating action 


may be produced not by the addition of electrolyte, but by its dilution as the result of thickening of the double 
layer.* : 


* Another distinction is the fact that for obvious reasons the stability criterion must be symmetrically expressed 


in terms of the charges z, and z, on both ions, and it is therefore necessary that the function _f'( 8) in Formula (71) 
should satisfy the condition: 


gs 
Spc -tt(3) oe cnn 0 =2(3)(2) 
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5] 
j 


An example of this type of “coagulation” is given by the adhesion of mercury to glass in weak solutions of 
electrolytes, observed and investigated by Frumkin, Gorodetskaya, and Titievskaya [12]. 


To determine the force of adhesion for a given concentration, it is first necessary to find the abscissa of the 
force pit hmin from Equation (50) written in the form: 


1 dH’ 2nckTNd® 


EO REG eae 3 
Obtaining from this wi, H,,jn and then h,;,, we have 
CRIN. A’ 
Rin = Qmin ~ Pmin = Z4 “min” 6_ cus (74) 


For small values of c the right hand side of Equation (73) is large (~c™ t and it follows that H’ « 1, 
while w' >>1, In this case a formula equivalent to Formula (11) is applicable: 


H' = pic hs Cle (15) 


w' 


From Equations (73), (74), and (75) we have, after simple transformations: 
2D —4)° 
Rin = 37 Susy (76) 


This simple result may also be obtained by shorter reasoning, 


5. The results obtained may easily be generalized for the case of adhesion of convex surfaces. However, 
because of the cumbersome calculations we will restrict ourselves to giving only some conclusions. 


The case A>0; @>1> yy. 


In this case instead of the criterion (56), we obtain a criterion of similar type, but more complex in the 
form of its right-hand side. Its resemblance to Equation (58) remains. 


The case A < 0;92 > 1; (— 9) > 1. 
In this case the criterion of stability will differ from Equation (71) and (72) only by the value of the coef- 


ficient As in the "plane" case, adhesion and coagulation should take place on dilution of the electrolyte. 


6, The theory which has been developed may be applied to explain the adhesion of mineral particles to 
bubbles of air in flotation, and coagulation effects in mixtures of two sols, It is clear ftom the above, especially 
if it is considered that for particles of different types A may not only have abnormally low values but may even 
become negative, that the theory explains the effect of group coagulation [13], in which the aggregates formed 
contain only particles-of either one kind or another, but mixtures are absent. 


It is clear that in this case three thresholds of concentrational coagulation are possible, the third of which, 
which indicates the start of formation of heterogeneous particles, for the case A < 0, may not only be lower in the 
value of the concentration, but may correspond to a reversal of the Hardy-Schulze rule, and denote the lower limit 

of concentrations which confer stability (in relation to the aggregation of heterogeneous particles). 


Analogous considerations may be applied to the coagulation of a sol the swfaces of the particles of which 
are nonuniform in the value of the potential, and in particular may explain the interesting investigations of Brom- 
berg, Chmutov, Lukyanovich, Radushkevich, and Nemtsova [14]. 


The theory may also be successfully applied to other phenomena of particle adhesion, for example, of 
dyes to fibers and other surfaces, and explains why, on addition of electrolytes, adagulation commerces before 
coagulation, and results in stronger bonds than does homogeneous adhesion. Of course, in the rarer cases when 
A < @, effects of an opposite nature may occur. 


SUMMARY 


1. Upto the present time, the theory developed by the author, dealing with the interaction of surfaces di- 
vided by thin layers of electrolyte, with consideration of molecular forces and the energy of overlapping of ionic 
envelopes, was applied only to the symmetrical case of particles of like kind with similar charges, or to the case 
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of wetting films, with zero charge on the outer surface, which can be reduced to the symmetrical case. 


2. Extension of the theory to the most general asymmetric case may be achieved by examination of iso- 
dynamic curves, that is, of curves which correspond to equal values of electrostatic repulsion forces. 


3. Detailed examination of ionic-electrostatic interaction between plane, parallel-situated surfaces with 
given potentials of the same sign shows that as the surfaces approach each other, forces of repulsion first appear and 
increase, reach a maximum, then decrease and turn into forces of attraction; on further decrease of the distance to 
zero, the forces of attraction increase without limit, 


4, The maximum value of the repulsion forces — the height of the force barrier — depends only on the poten- — | 
tial of the surface with the weaker charge. This rule is strictly valid also for surfaces of any form. 


5. With potentials of different sign the surfaces are attracted at any distance. 


6. Formulas are derived for individual limiting special cases, and in particular (derived jointly with V. G. 


Levich), for low potentials, 


7. With consideration of van der Waals' forces of attraction it is possible, with the aid of the Deryagin- 
Landau method, to find the criterion for adhesion of surfaces and particles of different kinds. Examination of the 
limiting case, when one surface remains strongly charged, and the potential of the second is low, leads to a gen- 
eralization of the previously derived criterion for the adhesion and coagulation of weakly charged particles. 


8. Inthe presence of particles of unlike nature in a liquid dispersion medium, the case is possible when the 
total balance of intermolecular action in the system leads to a resultant repulsion; in this case adhesion is possible 
only if the two surfaces have unequal potentials, while spontaneous flocculation of fairly large particles (in ab- 
sence of external action) is possible only for potentials of different sign and in sufficiently diluted solutions (with 
ionic atmospheres which are not too thick). 


9. For the case of very high potentials of different sign, the condition for adhesion and flocculation has 
been derived. analogous to the Hardy-Schulze-Ostwald rule in the Deryagin-Landau form, but of opposite sign; in 
other words, flocculation in this case (om the assumption that van der Waals' forces of repulsion are present) should 
take place not on the addition of electrolyte, but on dilution. . 


10. With the method of isodynamic curves it is also possible to calculate the interaction of surfaces with 
given charges. 


11. The theory is also in agreement with the experiments of Frumkin, Gorodetskaya, and Titievskaya — 
on.the adhesion of mercury to glass in solutions of electrolytes, and it may also find application in the theory of 
bipolar coacervation. 


12. The theory explains why, in the suspension method of dyeing, the fixation of dye particles may take 
place at an electrolyte concentration which is lower than the coagulation threshold of the dye suspension. The 
theory is also applicable to the problem of the fundamental effect in flotation — cohesion between bubbles and 
mineral particles. 


In conclusion, I express by gratitude to T. N. Voropaeva and V. V Turovtsev for help. in the calculations. 
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EFFECT OF INORGANIC SALTS ON THE SURFACE TENSION 


AT THE WATER-MERCURY BOUNDARY 


De OF Zeiliger 


The surface tension of aqueous solutions of inorganic salts at the boundary with mercury has been studied sys- 
tematically in conditions of polarization of this boundary in relation to the magnitude of the increase of potential 
[1-3]. 


Literature data on the dependence of the surface tension of salt solutions on concentration at the so-called 
natural potential over a wide range of concentrations are almost completely lacking. Such data as have been pub- 
lished [4, 5] relate to a very limited number of substances, cover a narrow range of concentrations, and were usually 
obtained by very imperfect experimental methods, For this reason, we have carried out measurements of surface 
tension of solutions of a number of salts at the boundary with mercury over the whole concentration range permitted 
by the solubility of the salts, 


For the investigations, the method of maximum 
pressure of drop formation was used, which gives re- 
liable and sufficiently accurate results for the separa - 
tion boundary between liquid 1 and liquid 2, 


oO, ERG/cm* 


A somewhat modified scheme of the apparatus 
of P. A. Rebinder was used [6], 


The temperature of the measurements (20°) was 
kept constant to an accuracy of + 0.05° with the aid 
of a specially equipped water thermostat, The stan- 
dard liquid used was twice-distilled water; the sur- 
face tension of mercury at its boundary with it was 
taken as equal to 375 erg/cm’, 


CONCENTRATION IN q- MOL PER LITER 


Fig. 1. Isotherms for the dependence of surface tension of salt 

solutions on their concentration: 1) NagPO4; 2) KeCOs; 3) 

K,HPO,; 4) KNO,; 5) KHCO3. Both the mercury and the salts used were sub~ 
jected to thorough purification, 


The determinations showed that carbonates, neutral orthophosphates, acid phosphates, and nitrites increase the 
surface tension of water at the boundary with mercury; bicarbonates have no appreciable effect; chlorides, nitrates, 
bromides, and iodides lower the surface tension, being surface-active. 


Isotherms for the dependence of the surface tension of solutions on concentration, for some of the salts 
studied, are shown in Figs. 1 and 2, 


From an examination of the experimental results obtained it is possible to establish the following lyotropic 
series of anions in order of increasing activity at the boundary with mercury: 


OH' < POs < CO} < HPOJ < NO} < HCO} < Cl' < NO; < Br < I's, 


This series, determined at the natural potential at the mercury/solution boundary, for solutions of inorganic 
salts, covers the whole concentration range accessible to measurement. It is entirely similar to the lyotropic series 
obtained by Gouy in his study of electrocapillary effects [2], and somewhat extends it. 


From the experimental data it was also possible to calculate the work of adhesion to mercury of unimolar 
solutions of a number of potassium,salts. Such calculations are not given in the literature, although they present an 
undoubted interest, since the work of adhesion is a measure of the activity of a substance at a given interphase surface. 


The work of adhesion was determined from the formula: 


Wa = (O10 O12) + O20» 


* The position of the hydroxyl group in the series is based on the data of Lenkewitz [4]. 
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TABLE 


6, ERG, Jom* Work of Adhesion of Potassium Salts to Mercury 


where ojo and oq are the respective surface tensions at! the solution/air — 
boundary, from literature data [4], and atthe mercury/air boundary — 
(G9 = 476 erg/cm’); Oj is the surface tension at the salt solution/mer- 
cury boundary from our determinations. 


The results of the calculations are shown in the Table, 


CONCENTRATION IN MOLE PER LITER 
It follows from the results in the table that the work of adhesion 


is determined by the nature of the anion, and increases with its ac- 
tivity. The greatest values of work of adhesion are shown by salts 
with halogen ions, as is also found for halogen-containing organic 
compounds [3]. 


Fig. 2. Isotherms: for the dependence of 
surface tension ofggalt solutions on their 
concentration; 1) KCl; 2) KNOs; 3) KBr; 
4) KI, 


From an analysis of the values of the work of adhesion it is possi- 2 
ble to draw conclusions concerning the definite orientation of the salt 
_ molecules in the surface layer, with the.anions toward the mercury. This conclusion is in full agreement with the 
known results of electrocapillary measurements by Gouy and by Frumkin and coworkers. 


The dependence of the surface tension on the salt concentration in the solution at the natural potential, shown 
in Figs. 1 and 2, agrees basically with certain data known from the work of Gouy and Frumkin [1]. There are only 
some differences in the shape of the curves; for the hydrolyzing salts, carbonate, acid phosphate, and nitrite of potas- 
sium, in conditions of the natural potentials they are characterized by points of inflexion, which are absent from the 
isotherms for the concentration dependence of the maxima of the electrocapillary curves according to Gouy. 


Thus, the measurement of surface tension at the mercury/aqueous salt solution boundary in given polarization | 
conditions near the maximum of the electrocapillary curve does not significantly change the dependence of the sur- 
face tension of solutions of inorganic salts on their concentration, and does not alter the order in which the ions are 
placed according to their surface activity, corresponding to the lyotropic series. 


i i 
It may be assumed that the natural potentials at the mercury/solution boundary lie in the region of the electro- ~ 
capillary curve close to the maximum, and, therefore, the dependence of the natural potential on the electrolyte 
concentration does not greatly affect the value of the surface activity of the cations. 


It is clear that a considerable charge.on the surface, especially in presence of anodic polarization, would lead, 
in agreement with Frumkin’s work, to complete prevention of adsorption of organic molecules, and even more so of 
anions, 


SUMMARY 


1. The surface tension of aqueous solutions of a number of inorganic salts at the boundary with mercury has 
been studied. It is shown that carbonates, neutral orthophosphates, acid phosphates, and nitrites increase the surface 
tension of water at the mercury boundary; bicarbonates have no appreciable effect; chlorides, nitrates, bromides, and 
iodides lower the surface tension, being surface-active. F 


2. The lyotropic series of anions at the water/mercury boundary at the natural potential has been established, 


3. The work of adhesion between mercury and unimolar solutions of a number of potassium salts has been 
calculated, 


It is shown that the work of adhesion is determined by the nature of the anion and increases with increased ac- 
tivity of the latter, 
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4, The experimental data obtained were compared with the results of electrocapillary measurements made 
by Gouy and Frumkin, From the analogy which was established it may be considered that the natural potentials at 
the mercury/aqueous solution boundary for inorganic salt solutions lie in the region of the electrocapillary curve 
close to the maximum, 
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THE ACTION OF SODIUM CARBONATE AND PYROPHOSPHATE ON CLAY SUSPENSIONS 


V. Li Kvirikashvili 


Investigations of structure formation in clay suspension in the light of their aggregative instability have a 
great scientific and practical importance. : Investigations in this field are firmly associated with the use of clay sus~ 
pensions for drilling deep wells [1], for building construction, ceramic technology, and also with numerous problems 
of soil science and engineering geology. 


For the study of the influence of alkaline electrolytes on structure formation in clay suspensions, two clays of 
Georgian origin were chosen, greatly different in their colloidal properties: 1) bentonite clay (Askangel) and 2) non- 
bentonite Kavtiskhev clay, Preliminary experiments established that a clay suspension prepared from Kavtiskhev 
calcium clay is aggregatively'unstable, while a suspension of bentonite clay ~ mainly sodium-based~ has greater 
aggregative stability. 


The basic characteristics of the clay suspensions studied were the structural viscosity n, the dynamic shear 
stress Op, the static shear stress Ot, and the rate of water evolution (in 30 minutes) by V. S, Bartenev’s method, Wg. 


The following fact was taken into account in the experiments. The strength of the structure of a clay suspen- 
sion, as is known, becomes appreciable above a certain concentration of the sclid phase. The formation of structure, 
and the associated immobilization of the dispersion medium (water), obscures the coagulating (dehydrating) effect 
of certain electrolytes, Therefore, in filtration from concentrated clay suspensions, the rate of water evolution on 
addition of electrolyte coagulants is not only not increased, but is even diminished, On the other hand, at low con- 
centrations of clay, when a cellular structure is practically absent, and therefore, water is not immobilized, the co- 
agulating action of electrolytes is always manifested by an increase in the rate of water evolution, For these reasons 
the action of additions of alkaline electrolytes on structure formation in clay suspensions was studied both at low and 
at high concentrations of clay. 


The structural-mechanical properties of the suspensions of Askangel and Kavtiskhev clay, were studied with 
the aid of a capillary viscosimeter of the Ubbelohde type [2] and, parallel to this, with the Veiler-Rebinder appara- 
tus [3], based on the tangential displacement of a plate within the structurized system, The addition of soda 
(Na,COs) to aggregatively unstable suspensions of Kavtiskhev clay, by hydrating both the external and the developing 
internal surface of the primary particles, favors their dispersion. In a suspension of Kavtiskhev clay, which in itself 
is aggregatively unstable, increase of the number of particles in unit volume, according to Serb-Serbina and Rebinder 
[4, 5], leads to an intensive development of the coagulational structure, whish is shown by an increase both of the 
initial (residual) strength of the structure (dynamic yield stress) @p, and of the strength of the structure formed at 
rest —the static yield stress 65+ (Fig. 1). Here the surface of the particles may be found to be on the average even 
more hydrated: the number of coagulation centers per unit area will become less under the action of electrolyte 
additions. The coagulational structure, however, will develop as the result of the sharp increase of the number of 
particles per unit volume, and of the consequent increase in the number of effective collisions, 


The addition of soda to aggregatively stable suspensions of bentonite clay (Askangel), as in the case of Kavtis~ 
khev clay suspensions, outwardly leads to an increase of the structure strength (Fig. 2). However, the increase of 
strength in the case of Askangel is caused by an opposite effect of the electrolyte, namely, by its coagulating action, 
which results in dehydration of the particle surfaces ,and in consequence increases the initial strength of the structure 
(Table 1, Fig. 2), Here the number of free particles in unit volume of the suspension is decreased, The strength of 
the coagulational structure is still sharply increased as the result of increased strength of bonding between the separate 
particles, 


In aggregatively unstable suspensions additions of soda increase the initial strength of the structure (Table 2, 
Fig, 1) due to the hydration of the particle surfaces by the action of exchange adsorption of cations (more complete 
conversion into Na~clay), and consequently, to the dispersion of the particles. In aggregative stable suspensions of 
Askangel, which are fairly well dispersed in water alone, the same additions of soda increase the initial strength of 
the structure as the result of dehydration of the particle surfaces (local decrease of hydration), i.e., as the result of 
their coagulation (Table 1, Fig. 2). Thus, the sharp increase of the strength of the structure in suspensions of benton- 


ite clay (Askangel) is the result of a coagulating and not of a dispersing action of the soda. 
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TABLE 1 


Action of Soda (NagCO,) on the Mechanical Properties of Suspensions Made from Bentonite Clay 


Mechanical properties 


n 8D Wso 
centipoises| mg cm (ml) 


Concentration 
of suspension 


Dispersion medium 


WiALET Vaya) siaculat ohet eisieatetcoe er tn tome Mrs ee ime Ns ie yeata ropa atet ete 1 0 1.12 1,51 18.5 
0.02% solution ‘of soda. oes ein «ch so ig Be Ra 1 0.02 1,15 1,51 18.5 
0.02% solution of soda followed by addition of remaining 
BIMIOUINE 6 ile 4: sans \s) 4) cehara dees sememe ene Uke cele Keb epeU aaue losin te 1 0,25 1.25 1,51 21.5 
TRE SAME oa ges) eons wig hernia ola a le ame es eee ee Z 0.5 1.28 1.51 22.0 | 
Mitr ao fe: euacaeeh Skene Mae e maeN yen E a eg. ohare ges aa 1 0.75 1.46 1,51 25.0 
STS ee er ee ee eee roe ily ee ke 1 1.0 1.25 3,01 27.0 
WATE Ac 105 gales wine ale Gishishiay steam hat hatte sareg tea ralte: tere peta eis 5 0 Wt aL8 3.02 9 
002% solution of soda.ni 2 #0 ati. + SR RR es 5 0,02 1.82 3,02 9 
0.02% solution of soda followed by addition of remaining , 
MiOMAT. | LR ea, Glee 5 set ji gun pee Selo 5 0.25 3.2 3.02 9.5 
RG BEIME 1s Seale ake ie inl et ae tel ore ree ce ay Shanarareiats 5 9.5 3.02 6.8.) > Jo A226 
NDE er NOt ey ee ieee ick ep ere Pe Ee oe era 5 0.75 2.76 9,05 14.0 
Water ovate ais i gmineue Neo eae ePauel Hive alee seu tee staal fanencons 3 10 0 5.3 12.1 8.5 
902% solution Of S068). 0/4 .a7< 42.4050 a me negem oleae 10 0.02 5.0 12.1 9 
0.02% solution of soda followed by addition of remaining 
AMOUNT ACE, GAN, ARR hes ag) oR Ee shir ob On 0.1 8.5 57.4 8 
ERG: SAMOS SE he Perea ai gat ote anlelleten a  MiletaWons 10 0.25 9.5 130.0 7 
O57 Dynes/em* z 
£00 Pe oa ea 5 
es 3x5 3 
° 3 
2 6 
t, Hours CONCENTRATION OF SODA 
Fig. 1. Strengthening of the structure of 14% suspen- Fig. 83. Action of soda: 1) hydrating, in suspensions 
sions of Kavtiskhev clay by the dispersing action of _ of Kavtiskhev clay, and 2) dehydrating, in suspen- 
soda: 1) without soda; 2) 0.02%; 3) 0.25%: 4) 0.5% ' sions of bentonite ciay (Askangel). 
soda. 
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Fig. 2, Strengthening of the structure of 10% benton- _, _. Fig. 4. Stabilizing effect of sodium pyrophosphate 

ite suspensions by the coagulating action of soda: 1) - on 20% suspensions of Kavtiskhev clay: 1) without 

without soda; 2) 0.02%; 3): 0.25%; 4) 0.5% soda, sodium pyrophosphate; 2) 0.02%; 3) 0.1%; 4) 0.25% 
sodium pyrophosphate. 
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The dual (opposing) action of soda —hydrating in suspensions of non-bentonite and dehydrating in the case of 
bentonite finally leads to the same coagulational structure formation effect, i.e., to the strengthening of the con- 
tinuous network structure, However, supplementary investigations of the kinetics of water evolution show a distinc- 
tion between these opposite effects in dilute suspensions (Fig. 3, Tables 1, 2). 


When soda is added to the aggregatively unstable suspensions of Kavtiskhev clay and the strength of the struc- 
ture measured, it is seen that at low concentrations of soda (Fig, 1, Table 2) additions of soda have little effect. As 
the concentration of soda increases, its effect is greater, and at 0.25% concentration of eipnvelyte the strength of the 
structure reaches a maximum, 


The hydration of the particle surfaces, which in these conditions is the most important factor of aggregative 
stability, does not confer complete stability to the particles of Kavtiskhev clay. This can be understood if it is taken 
into account that increase of the bond strength between the dispersion medium (water) and the surfaces of the clay 
particles in presence of soda relates only to certain regions of the surfaces, where exchange adsorption of cations takes 
place. The presence of unprotected regions will always cause aggregation of particles, and the suspension retains 
aggregative instability even after treatment with soda, 


TABLE 2. 


Action of Soda (Na,CO,) and Sodium Pyrophosphate (Na,P,0,;) on the Mechanical Properties of Aggregatively Un- 
stable 10% Suspensions of Kavtiskhev Clay 


Dispersion medium Sodium pyrophosphate | Soda on the 


on thé volume of clay | volume of Ws 
suspension (%) clay suspen- (ml) 
sion (%) 


of? a ne es 30 
Sodium pyrophosphate elutian : oe 
aie... iG Ped 6.5 

2 Ee Lavan 5.5 
SOMMSOINHOD 5. ak ec ess 21 
ok yg iad oie cis 14 

2 e@oceeeoeocee ea ee ee a 14.5 


To bring the suspension of Kavtiskhev clay into an aggregatively stable state, sodium pyrophosphate (Na4gP,07) 
was added to it [6, 7]; with a suitable addition the bonds between the clay particles are removed and fairly complete 
stabilization occurs. This is shown by the sharp decrease of the initial strength of the structure almost to zero (Fig. 4, 
Table 2). Measurements of the kinetics of water evolution in these suspensions show a sharp decrease of the filtra- 
tion rate (Fig. 3, Table 2). 


In presence of additions of sodium pyrophosphate the decrease in the water evolution of the clay suspensions 
and at the same time the decrease of the structure strength are caused by the presence of stabilized clay particles 
which are not bound to each other, forming closely packed precipitates (filtering skin), The most probable explana- 
tion of the mechanism of the action of sodium pyrophosphate in this case is apparently that both the cation and the 
anion of this salt favor the hydration of the particle surfaces. In fact, the interaction of the pyrophosphate ion with 
the calcium cation on the clay surface leads to the formation of insoluble calcium phosphate in the colloidal state, 
which is fixed on the particle surfaee in the form of a hydrophilic coating, which leads to stabilization of the particles. 
The sodium cation, in its turn, enters the exchange complex of the clay particle, and increases the hydrophilic nature 
of the surface. The concentration of free electrolyte in the surrounding medium is always very small, which leads 
to a fairly high aggregative stability of the suspension, Thus we consider on the basis of the experimental data that 
additions of soda result in a higher degree of dispersion of the primary particles in suspensions of Kavtiskhev clay, 
which leads to increased effectiveness of coagulational structure formation and greater strength of the structure, 
while additions of sodium pyrophosphate produce stabilization by producing aggregative stability, and, as a conse~ 
quence, a sharp decrease in the strength of the structure. 


SUMMARY 


1. Addition of soda to aggregatively unstable suspensions of Kavtiskhev clay has mainly a dispersing effect; 
similar additions of soda to aggregatively stable suspensions of'Askangel (sodium bentonite) have mainly coagulant 


effects, 
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2, The dual action of additions of soda —hydration in suspensions of Kavtiskhev clay and dehydration in sus- — 
pensions of sodium bentonite— results in outwardly identical structure formation. This property of soda permits its 
use on a large industrial scale for improving the properties of clay suspensions. 


3, A distinction should be made between: a) stabilization of particles in a clay suspension which ensures 
aggregative stability in the system and as a result lowers the initial strength of the structure, and b) dispersion, which 
decreases the size of the primary particles in the system and as a result, raises the initial strength of the structure, 
Soda, which causes a change in the exchange complex and increases the degree of hydration of the particle surfaces, 
is a dispersing agent. Sodium pyrophosphate acts as a stabilizer. 


I offer my sincere thanks to P, A. Rebinder and N, N. Serb-Serbina for valuable advice. in the present work, 


The P, G. Melikishvili Institute of Chemistry Received September 23, 1953” 
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GELATINIZED EMULSIONS 


XII, EFFECT OF THE LENGTH OF THE HYDROCARBON CHAIN IN THE MOLECULE OF THE 
STABILIZER ON EMULSIFICATION 


| L. Ya. Kremnev and N. I. Kuibina 


Research workers have long been interested in the question of the length of the hydrocarbon chain in the mole- 
cule of alkali salts of monobasic fatty acids which first begins to exert an emulsifying action, Donnan established 
as early as 1910 that the alkali salts of myristic and lauric acids are good stabilizers for concentrated direct emul- 
sions, while salts of acids of lower molecular weight do not favor the formation of stable emulsions [1]. This was 
later confirmed [2], and is usually explained by the fairly clearly defined colloidal properties of alkaline soaps be- 
ginning with the laurate. 


TABLE 


Maximum Concentration Emulsions with Salts of Triethanolamine and Fatty Acids 


Salts of triethanolamine Stabilizer con- 5 2 } 5 1073 a 2 a 
and fatty acids centration (mol/1) co» lds a HOE RAMEN RG 
83 12 69 


Stearic (Cjg) 0.20 1d 
0.22 91 11 69 big 
0.33 91 11 46 sa 
Palmitic (Cig) 0.25 100 10 66 1.1 
0.30 125 8 69 1,2 
0.40 125 8 52 At 
Myristic (Cy,) 0.39 200 5 85 1.1 
0.50 200 5 66 iia 
Lauric (Cyp) 0.49 333 3 112 ca 
0.57 333 3 97 1.1 
0.72 333 3 16 1.1 
Capric (Cy) 0.81 333 3 69 1.4 
0.93 333 3 60 138 
1.19 333 3 49 1.3 
Pelargonic (Cy) 0.98 333 3 46 135 
1.20 7383) 8 46 1.5 


In this connection we studied direct emulsions of maximum concentration made with alkali salts of the homo- 
logous series of fatty acids, Asa direct measure of emulsifying power, a special interest was presented by determina- 
tion of the maximum surface of the protective layers formed from unit volume of the stabilizer solution, Sg [3], and 
also by a study of the structural peculiarities and properties of these layers on the droplets. In view of the insufficient 
solubility in water of the potassium and sodium salts of some of the intermediate and especially of the higher fatty 
acids, so that emulsification isotherms over a wide range of stabilizer concentrations cannot be obtained, the emul- 
sions were prepared with salts of triethanolamine and fatty acids, which have good solubility in water. A complete 
dispersion analysis of the emulsions was carried out by the microscopic method, and the results were used, as before 
[4], to characterize the adsorption-solvation layers surrounding the droplets. 


The table presents the collective results of investigations of emulsions stabilized by relatively concentrated 
solutions of soaps, at which constant values are reached by the maximum area of the protective layers S,,, formed 
from 1 ml of the stabilizer solution in emulsions of maximum concentration, and the minimum thickness of the 

_ layer Scrit [4]. The packing density of the molecules in the adsorptional layers is characterized by values of the 
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area S, per molecule of the stabilizer in the interphase surface. The degree of dispersion of the emulsions is repre~ 
sented by values of the mean droplet diameter @ and also by the differential curves for the droplet size distribution 
in certain emulsions, shown in Figs. 3, 4 and 5, 


2 lo 1g@ Cc 


Fig. 1. Stability of two-sided films: 1) laurate; 2) myristate; Fig. 2, Maximum stability of two-sided films as 
3) caprate; 4) palmitate; 5) pelargonate; 6) stearate; 7) capryte. a function of the length of the fatty acid chain. 


Emulsifying power first appears in the caprylate (Cg), but maximum concentration emulsions with it are com- 
pletely unstable and break immediately after preparation, A certain measure of stability appears in emulsions with 
pelargonate, and the life of these is about 1 hour. Emulsions stabilized by caprate last about twenty-four hours, and 
emulsions with the other stabilizers are stable for months without apparent breaking. In emulsions with caprate and 
perlargonate, coalescence of the droplets undoubtedly took placecduring preparation for dispersion analysis, There- 
fore, the data on these emulsions in the table cannot be considered quite reliable. 


As before [8, 4], Sgp and S¢yjz reach constant values at high concentrations of stabilizer. But as the length of 
the hydrocarbon chain decreases, the stabilizer concentration at which the value of Sg and 6,;j, becomes constant 
is appreciably higher, 


By their emulsifying power, expressed solely by the objective values of Sg [3], the homologs lie in the natural - 
series; 


stearate < palmitate < myristate < laurate (caprate, pelargonate), 
The reverse series shows the variation of the thickness of the adsorption~solvation layers:6.,;¢: 


stearate > palmitate > myristate > laurate > (caprate, pelargonate). 


' Fig. 3. Size distribution curves of the droplets in emul- | Fig, 4. Size distribution curves of the droplets in emul- 
sions with triethanolamine palmitate with concentrations: sions with triethanolamine myristate with concentrations; 


1) 0.10; 2) 0.22; 3) 0.40 mole/1. 1) 0.10; 2) 0.30; 3) 0.50 mol¢/1. 
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The highest emulsifying power is shown by triethanolamine laurate. Apparently in laurate, we find a complete 
balance between the independent surface action of the polar groups and of the hydrocarbon radicals of the surface- ac- 
tive molecules, In this case at the separation boundary of the liquids there is an equilibrium between the tendency 


of the polar groups to “immerse” the molecules in water and the attraction of the hydrocarbon chains into the benzene 


phase. The adsorption-solvation layers then have the greatest stability with least thickness, With a chain with less 
than 12 carbon atoms, the action of the polar groups prevails, resulting in frequent interruptions of the continuity of 
the protective layers and appreciable coalescence of the droplets, which is the cause of the poor stability of emulsions 
with caprate and pelargonate, and also ot the complete instability of the emulsions with the shorter caprylate mole- 
cules, When the chain length exceeds 12 carbon atoms, the action of the nonpolar chains predominates, and the drop- 
lets are protected against coalestence by the thicker adsorption-solvation layers. 


The validity of the above views is supported by measure- 
ments of the stability of macrofilms in the Rebinder and Smirnova 
apparatus [5], The rate of drawing of the films was 1.6 cm/sec, 
the concentration of the solutions of the homologs studied was 
in the range 1-1074~2-10°* mole/1. The results of the mea- 
surements are shown in Fig. 1. 


As was to be expected, the maximum stability is shown 
by films made from aqueous solutions of triethanolamine laurate 
at all salt concentrations, which corresponds to the maximum 
emulsifying power of this stabilizer. The stability isotherms of 
aqueous films of all the other salts lie lower; very low stability 
is shown by films of caprylate solutions, which give quite un- 
stable emulsions, The dependence of the film stability on the 
length of the molecular chain is shown still more clearly in 
Fig. 2, for salt concentrations of 1: 1073 mole/1, when all the 
stability isotherms pass through a maximum, 


The stability maximum of the films corresponds to concen- 
Fig: 5. Size distribution curves of the dropletsin _ trations of the stabilizer solutions at which the adsorptional 
emulsions with triethanolamine laurate with con- layers, although close to saturation, are apparently not yet satu- 
centrations: 1) 0.22; 2) 0.46; 3) 0.72 mole/1. rated, If we denote by Sp the surface area which corresponds to 
‘ one molecule of the stabilizer, and by N, the number of mole- 
cules in a gram molecule, we have the maximum adsorption Igy 
of triethanolamine stearate 


al aA 
T@ = SN =2.6-107% mole/cm’, 


In the region. of maximum stability, calculation from Gibbs’ equation, based on data for the interphase tension 
on the benzene-solution separation boundary [6], gives considerably lower values. At a stearate concentration of 
9-104 mole/I, the surface activity is 


and 
ee (- a = 1,5°107!° mole/cm? 


The degree of dispersion of the emulsions studied is very high, as is seen from the values of the mean diameter 
dof the droplets and the distribution curves in Figs. 3, 4 and 5 for a number of systems. As previously, the maximum 
on, the distribution curves corresponds to a droplet diameter of the order of 1 uw, which is in full agreement with the 
conclusions drawn from our analysis of the mechanism of dispersion and stabilization of emulsions [7]. 


SUMMARY 


1. Emulsions of maximum concentration, stabilized with salts of triethanolamine and the homologous series 
of fatty acids from caprylic to stearic, were prepared and studied, 


2. Concentrated emulsions with triethanolamine caprylate are unstable. The stability of emulsions with tri- 


’ ethanolamine pelargonate and caprate is low; stabilizers with greater molecular length give high stability to concen~ 1 


trated emulsions. 
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3, The greatest emulsifying power is shown by triethanolamine laurate, which is in ran en lin the m 
bility of macrofilms drawn from aqueous solutions of the stabilizers studied, * alii 


4, The emulsions are stabilized by adsorptional monolayers. Pe ie i i 7 
5, The degree of dispersion of the emulsions is very high, and the maxirniim on the distribution curves a 
ponds to a droplet size of the order of 1 p. 


The Lensoviet Institute of Technology, Leningrad Received January 12, 1954 
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DIFFUSION OF PHENOL IN POLYAMIDE FILMS AND FIBERS* 


E. K. Mankash and A. B, Pakshver 


As was shown earlier [1], when polyamide fibers and films are treated with aqueous solutions of phenols, the 
latter are combined with the amide groups of the polyamide molecules, so weakening the intermolecular bonds, The 
tate of sorption of phenols by polyamides is determined by their rate of diffusion into the substance, and the diffu- 
sion coefficient D may be calculated from the equation; 


4 D 2 D re 
Sie \/ = \/ == = t 1 2 
x : 4 t Or! pix ; / if / (1 and 2) 


where r is the fiber radius; a is the half-thickness of the film; t is the sorption time in seconds; x is the amount of 
absorbed phenol as a fraction of the equilibrium amount during the time from the start to a given instant. 


The same authors showed that the diffusion coefficient depends on the structure of the fiber, and decreases 
with increasing degree of orientation of the fiber and with strengthening of the structure by heating the fiber. 


The present paper gives supplementary data on the rate of sorption of phenol by drawn and undrawn polyamide 
fibers after various pretreatments, Data are also presented on the rate of sorption of phenol by polyamide films, also 
previously subjected to various treatments, Isotherms for the sorption of phenols by films and fibers, for different 
treatments of the polyamides, are also given. . 


The diffusion coefficients were calculated by means of the équations (1 and 2), These equations characterize 
nonsteady diffusion into the fiber or film from the start of the sorption process till equilibrium is reached between 
the phenol in the aqueous solution and the polyamide fiber or film, To characterize steady state diffusion of the 
same phenol from aqueous solution into the film, experiments were carried out analogous to those described in the 
previous communication [2] with hydrate cellulose films, In this case the diffusion coefficient D was calculated 
from the equation: 


sQ 


i F (cy~c) 


(3) 


where s is the film thickness in cm; Q is the amount of substance diffusing through the film in g/sec; F is the area of 
the film in cm’; Cy and c are the concentrations of phenol in the aqueous solution on the two sides of the film, in 


g/ml. K 
TABLE 1 


Diffusion of Phenol into Undrawn Capron Fiber, t = 20° 


Treatment of " 
the fiber 


Initial concentra+jE quilibyium concentration Equilibrium sorption of 
tion in bath (g/1) | in bath fiber D-10 


lin g/l | in mole/1-10° | in g/g-10°| mole/res- 10° 


0.09 


Extraction with toluene 
0.2 and water in the cold 
0.3 The same 
0.4 Ee 
0.5 +8 
1:0 ‘. 
5.0 24 hours in autoclave 
at 2 atm 
5,0 Same, drawn fiber 
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As was shown by Barrer [3], experimental data obtained in studying the diffusion process in steady state con- — 
ditionstthrough a film may also be used to determine the rate of diffusion in the initial nonsteady period, into the 
depth of the film, Diffusion in the initial nonsteady period, according to Barrer, is determined by the equation 


2 


s 
ee 4 
" 6D “I 


where L is the time interval from the start of diffusion till equilibrium is reached, in seconds, This equation is 
approximate,and ‘the experimental results givenin Table 3 are exploratory in character, The results of the measure- 
ments are shown in Tables 1-3. 


TABLE 2 


Diffusion of Phenol into Capron Films, t = 20° 


Concentration in bath (g/1) 


equilibrium 


Equilibrium concentra- 
tion in bath, mole/1<+10 


Treatment of the film 


Equilibrium sorption 
| of phenol 


| g/g -10°| mole/res - 10° 


Washed with hot water 21.5 


PENS SANA a foie ligl atm fone 38.7 2.25 
Bee tay ay tie) ata tetas 43.1 3.52 
- Re wii 82.5 3.10 
Pore. kata aragonite : 120 Th 
# abciiscals.ereieks 164 16.7 
SeNG eee ree Dissolves = 
Previously treated with 
phenol, 15 g/l... .. alk 
Previously treated with 
vaseline at 150°..... 2.9 


TABLE 3 ye 
Diffusion of Phenol Through Capron Film, t = 25°, area s. = 9.1 cm 


Attainment of equilib- 
D-10° rium, approximate 


pe Dnonstead 


Treatment of the film Thickness of |Concentration of phenol (g/1)Permeability 


the film in |in bath| in solution flowing |P in g/sec- 
cm: 10° through - 108 


Film first treated with 7 

g/l phenol and washed 

Stet A BOVE! con ky sid 5.0 6.95 0.34 1.5 0.61 | 48 hours | 0,26-107% 
The same, after 6 days 6.95 0.31 10.0 0.80 = fe bola 


Film first treated with - 
hot water, after 


5 eee Ate ames 5,0 13.2 0.28 24 hours | 0.52°107% 
The same, after 3 days 13.2 0.66 re es, 
Mean 0.41 
Film first treated with 15 
g/l phenol and washed, 
alter 4 Gays if. c.4)<. 5.3 12:8 0.57 15,0 0.73 = = 
The same, after 5 days 17.3 0.63 14.0 he Oate a = 
0.72 
Film first treated with 
vaseline at150°,.... 5.3 Pol2.8 0.17 0.91 = = 
12.9 0.86 0.88 es — 
Mean 0.90 
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From the experimental data in the Tables it is possible to evaluate the general laws of the mechanism and 
the nature of the sorption of phenol by polyamide fibers and films, 


As is seen from Tables 1 and 2, the isotherms for the sorption of phenol by polyamide fibers and films are 
different for polyamides of different molecular structure, This fact, which was also previously noted by various 
authors in the sorption of water vapor by hydrate celliilose fibers, and also the sorption of the vapors of various 
organic solvents by polyethylene and other polymer films, may beexplained by the view that the sorption of an ac- 
tive substance from solution (in the present case, phenol) is achieved by addition of it to the polar groups of the 
polymer with the formation of hydrogen bonds or other intermolecular bonds [2]. In polymers with different mole- 
cular structure (for example, with different degrees of orientation) the number of free active groups differs, and de- 


creases with increased order in the structure. In polyamide fibers previously drawn finder tension or heated to a high 


temperature, the number of free amide bonds capable of combining with phenol decreases, Polyamide film occupies 
an intermediate position, as it is made under a certain amount of tension, but without subsequent drawing, Pre= 
liminary treatment of the films with phenols increases the sorption of phenol, while heating to 150° in vaseline de- 
creases the sorption of phenol. In the first case, the number of free amide groups, not occupied by intermolecular 
bonds, increases as the result of weakening of the structure in the aqueous phenol medium, while in the second case 
it decreases, as is shown by the value of the equilibrium sorption. 


The rate of diffusion into fibers or films (nonsteady state diffusion) sharply decreases when the molecular struc- 
ture of the polyamide is made more compact, when the fiber is drawn, heated, etc.. In this case, also, polyamide 
film occupies an intermediate position between drawn and undrawn fiber, but the differences between the different 
structures are seen much more prominently, Preliminary treatment of films or fibers affects the diffusion rate in 
the same way as the value of equilibrium diffusion, but the effect of this teatment is much greater, 


The diffusion of phenol through film, i.e., in steady state conditions (see Table 3), is several thousand times , 
more rapid than diffusion in nonsteady conditions finto films or fibers, This acceleration of the diffusion of phenol 
in polyamide films may be explained by the fact that the stéady state process takes place in conditions of equilibr- 
ium saturation of the polyamide with phenol, i.e., in conditions in which the intermolecular bonds are greatly weak- 
ened, When the diffusion process takes place in nonsteady conditions, the phenol molecules encounter an initial 
stronger structure on penetrating into the polymer, and the diffusion front passes slowly into the fiber or film, be- 
cause of the stable initial intermolecular structure. As a result of weakening of the intermolecular structure by the 
action of phenol, not only is diffusion accelerated, but differences in structure are evened out, Therefore, prelimin- 
ary treatment of the films (teatment with water-phenol mixture, heating in vaseline, etc.) has little effect on the 
rate of diffusion of phenol through the film in steady state conditions, while the same teatment has a very powerful 
effect in nonsteady conditions. 


The diffusion coefficients calculated with the aid of equation (4) for nonsteady conditions have the same values 
as those calculated from equation (2). Thus in both cases the rate of diffusion of phenol into the film is determined 
by its rate of movement through the original polyamide structure, not yet weakened by phenol. Nevertheless, the 
diffusion coefficient for nonsteady conditions, claculated from equation (4), is somewhat smaller than the same coe 
efficient calculated from equation (2). The explanation for the difference may be that in the second case, the cal- 
culation gives a high value of D, the average for the whole thickness of the film, 


SUMMARY 


1. The isotherms for the sorption of phenol by polyamide fiber are different for different specimens, and de- 
pend on the molecular structure of the fiber. The sorption of phenol is less with increase in the number of inter- 
molecular bonds in the fiber. 


2. Preliminary treatments which increase the number of intermolecular bonds, such as heating the fiber in 
mineral oj] at 150°, lower the sorption of phenol. 


3. The rate of sorption of phenol by polyamide fibers very greatly depends on the molecular structure, and 
decreases as the latter becomes stronger. 


4, Diffusion of phenol in steady state conditions is thousands of times more rapid than in nonsteady conditions. 
Differences in the molecular structure of polyamide films are evened out if the diffusion of phenol takes place in 
steady state conditions. 


5. The diffusion coefficients of phenol in polyamide fibers calculated for nonsteady conditions from equations 
(2) and (4) have the same values. 


The Ivanovo Institute of Chemical Technology Received September 26, 1953 
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ALTERATION OF THE STRUCTURAL-MECHANICAL PROPERTIES OF BREAD DOUGH 


BY MECHANICAL TREATMENT 


B, A. Nikolaev and L, S, Beganskaya 


The raw materials, intermediates, and finished products of many branches of the food industry have the physi- 
cal properties of dough, paste, puree, etc.. These substances have a definite structure and are solido-fluids. During 
the manufacturing process, as the result of various physico-chemical actions and processes (heating, cooling, chemical 
and mechanical processing) . the original structure and the structural-mechanical properties of such substances may 
be altered considerably. 


The structural-mechanical properties of bread dough were studied by measuring the shearing deformation with 
the aid of a simple apparatus constructed by B. A. Nikolaev. The apparatus is based on the principle of the measwe- 
ment of the shear of solido-liquid bodies on an inclined plane, but forward by Tolstgi’ [1]. In this apparatus, the 
optical method of measurement of small shear deformations (with the aid of a microscope) is replaced by the method 
of magnifying small deformations with the aid of a light pointer with unequal arms, In this way, instaneaneous shear 
deformation can be measured more exactly, and the apparatus is also more simple. A brief description of the appara- 
tus and its operating technique is given below. 


As is seen from Fig. 1, the apparatus has a base 1; on this is fixed symmetrically an iron plate, 2, the face of 
which is hinged to a support, Its other side rests freely on the wall of the frame, and may be taised to a definite 
angle (15°) to the horizontal, This angle is measured on a special seale 3, to which the free end of the plate is 
attached with the aid of a special pin 4 with a spring clip which is released for lifting, To the plate 2 is attached 


Fig. 1. Scheme of apparatus for the measurement of Fig, 2. Curves for the deformation (shear) of grade I 
the structural-mechanical properties of solido-liquid wheat dough; 1) after 30 minutes; 2) after 3 hours 
bodies (explanation in text). from mixing. 


a stand 5 carrying a measuring scale 6, a lever pointer 7, and the lever mechanism of the lifting plate 8. When at 
test, this plate is lowered in an opening 4 X 4 cm on the surface of the inclined plate 2,5 mm below the level of the 
latter. The opening has side walls and flanges, on which the plate 8 rests. The plate is raised to the level of 2 by 
pressing the button 9. The pin on which the head of the button sits then presses down on the end of the hinged lever 

10 and its other end raises the plate 8. A turn of the button 9 fixes the plate 8 in the upper position. The pivot of 

the pointer 7 is attached between the sides of a bracket with an adjustment screw 11, The measuring scale 6 is fixed _ 
to the stand and has gradually decreasing divisions (as, during shear, the length of the lower arm of the lever pointer 
gradually increases). 
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The apparatus is placed in a thermostat at a constant temperature of 30° and a relative humidity ~90-95% 
to prevent the sheets of dough from drying on the surface, The average rate of deformation is ~1 mm/min, 


The following working procedure was used; the plane of the base 1 is brought into a horizontal position with 
the aid of leveling screws and a spirit level. The substance tested (dough) is smeared with a spatula on the lowered =| 
lifting plate 8, up to the level of the plate 2, and smoothed out, The layer of dough is covered with a thin aluminum | 
cover plate 12, with a corrugated lower surface, The cover plate, 5 g in weight, has a tongue~shapednotch which is 
brought flush with the lower end of the measuring pointer 7. Excess material which protrudes from under the edges 
of the cover plate is thoroughly cleaned off, The plate 12 is covered with a loading plate of minimum definite 
weight (10 g), with a vertical shaft in the center. On this it is then possible to place other loading plates, which 
have openings in the center with a diameter sufficient to allow the shaft of the first plate to pass through. To pre- 
vent the loading plates from slipping off during tilting, the edges of the cover plate have, on the tongue side, verti- 
cal rims 5 mm high, against which the loading’ plates rest. 


After the loading plates are put into position, the button 9 is pressed and the loaded layer of dough is raised 
to the level of the plate 2, A check is made to see whether the pointer on the scale has been displaced from zero, 
and whether there is any gap between the tongue of the cover plate and the pointer, This is done by means of a 
light shearing pressure by the cover plate 12 on the pointer 7; in the absence of a gap, the latter should respond at 
once, 


The measurement is carried out as follows; after the dough is held for about 1 minute, the spring pin is re- 
leased and the end of the plate 2 is raised smoothly but rapidly to the required angle on scale 3, The inclined plane 
is fixed in position by releasing the spring of the pin 4, a seconds clock is at the same time switched on, and the 
magnitudes of the deformations are recorded from the movement of the pointer along the scale 6, When the experi- 
ment on deformation of the system during loading is completed, deformation during unloading is recorded, For 
this purpose the loading plates are carefully removed and the instantaneous deformation during unloading noted, 
Immediately after this the pin 4 is released and the free end of the plane is lowered into a horizontal position rapidly, — } 
but smoothly, without impact, The deformation is usually recorded after 0, 15, 30 and 60 seconds, and then after one 
minute, 


The accuracy of the results of the determination depends not only on the construction of the apparatus, but q 
also on the properties of the material on which the measurements are being made, In addition, the results are affec- 
ted by the frictional resistance of the bearings of the axis of the measuring pointer, It was found that the greatest 
deviations of the maximum deformations of dough were from 10 to 15% of the smallest value in parallel determina- 
tions, 


To calculate the shearing modulus E, the following formula was used: 


P sin a° 981 = 
= a as ma ae dynes+-cm A (1) 


where P is the stress in g/cm’, found by dividing the total weight of the cover and loading plates by the area (16 cm’); 

o is the angle of inclination of the plate; a is the magnification of the deformation produced by the pointer of the i 
apparatus, equal to 20; 6 is the thickness of the layer of dough (equal to 5mm); € is the deformation in scale divi- 4 
sions of the apparatus in a given time (seconds), The viscosity is calculated from the formula: 


p P sin a° 981 aér 


fe ny poise, (2) 


where T is the time in seconds, corresponding to the difference in deformation e’—e . 


The weights of the loading plates in tests of shear and flow were so chosen that in 3-4 minutes the deformation 
did not exceed the dimensions of the scale of the apparatus (5 mm). For dough from graded wheat flour of normal . 
quality and moisture content (45-48%) the load was 55 g; for dough from rye flour, 100 g; for moist gluten, 35-90; 
and for starch, 100-120 g. The angle of inclination of the plate was 15-10°. 


The main visco-elastic properties of dough given in the present paper — viscosity, elasticity modulus, ratio 
of viscosity to elasticity modulus, and the elasticity — were adopted according to the scheme proposed and developed 
by Rebinder [2]. Because of the specific properties of bread dough, it was also necessary to introduce such supplemen= 
tary characteristics as liquefaction on standing and fermentation, increase of strength on deformation, and arbitrary 
plasticity, 


In an earlier publication [3] the results were given of the measurements of the elastic-viscoplastic properties 
of bread dough, gluten proteins, and starch pastes. It was shown that the elastic properties af dough depend on the 
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properties of gluten, which is a body with high elasticity, By applying stresses which differed by a factor of 2-3, it 
was possible to demonstrate instantaneous and gradually developing shear deformations, which were in fairly good 
agreement with the proportionality law. It was found that immediately after mixing the values of the viscosity and 
elasticity modulus of dough decrease. The rate of this decrease depends on the properties of the flour, and also on 
the presence or absence of yeast, As a relative measure of coefficient of liquefaction, the expression (1—1;/m)« 100 
was proposed, where 7, and np are the mean viscosities of the dough after mixing and after it is kept or fermented 
during a time t. When the dough was heated in the range 25-60°, the maximum deformations reached in 3 minutes 
increased at first, and at 40° for rye dough and 50° for wheat dough they decreased again as the result of gelatiniza- 
tion of the starch and denaturation of the proteins which then commenced, It was shown that the result of stirring 
of dough from 1st grade wheat flour was to decrease the viscosity and the shear modulus; the dough became less 
resilient but more elastic, the volume of the bread became greater and the porous structure of the crumb was im- 
proved, 


We give below the results of supplementary investigations of changes in the elastic-viscoplastic properties of 
dough during deformation and mechanical processing, 


The shear curves for dough after the development of’ high-elastic deformation, which usually occurs during 
the first minute of deformation (Fig. 2) in most cases show a gradually decreasing rate of change. We may, there 
fore, introduce, as a measure of this strengthening of structure, the expression. 


} 
| is :) 100, 
V2 


where v» and vs are the rates for the second and third minutes of deformation of the dough. 


\ With this relative characterization it is possible to classify arbitrarily the shear curves for dough into two types: 
Type I, curves with a strengthening characteristic above 10%, and, therefore, without a region of constant rate; Type 
Il, curves with a value of 0 to 10% for this characteristic. 


Table 1 shows data for the strengthening values of dough from flour of different sorts, quality, moisture con- 
tent, and time of standing after mixing. For comparison, the values for the strengthening of gluten proteins washed 
out of this flour are also shown, Fig. 2 shows the shear curves (P = const) for dough with a moisture content of 60% 
from grade I flour (Table 1, variety with 60% moisture), 


TABLE 1 


Elastic-Viscous Properties of Dough from Flour of Different Grades and Quality 


Keeping time 
|___(min) 


Strengthening 
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The data of Tables 1 and 2 show that the strengthening power of dough depends on its moisture content, time 
of keeping, and grade and quality of the flour. The gluten proteins of flour have a high strengthening power. 


Repeated deformation of dough, after removal of load and relaxation of the stresses in it, shows the presence 
of strengthening as the result of the first test. In firm dough of the macaroni type (moisture content 27-28%) a second 
deformation leads to loss of plastic flow properties, as can be seen from Fig. 3. 
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Fig. 3. Curves for the deformation (shear) of macaroni 
dough. 1) First deformation; 2) second deformation. 


The following attempt can be made to explain the 
strengthening of dough, The structure of bread dough may Fig. 4. Curves for the deformation (shear) of gluten, 


be schematically represented as a spatial network of swol- _—1) Strong; 1a) the same, after treatment in a mortar 
len hydrated proteins, filled with fragments of hydrated for 1 minute; 2) weak; 2a) the same, after treatment 
starch grains, cellulose, and other insoluble and semisolu-  _in a mortar for 1 minute. 


ble high molecular compounds. The mass of such a struc- 

ture evidently contains a small amount of highly concentrated solutions of sugars and inorganic salts, This structure 
also contains a considerable quantity of gaseous substances, in non~fermenting (yeastless) dough—air, and in dough 
with yeast also the carbon dioxide formed by the yeast. 


As the result of low velocity shear, the loose structure of the dough loses some of its gaseous content, its 
specific gravity increases, and the structure becomes more dense. Apparently in the process the macromolecules of 
high polymeric compounds (mainly proteins) become oriented in the shearing plane. The capacity for strengthening 
during shear depends on changes in the value of the ratio n/E during deformation. Strengthening increases with in- 
crease of this ratio 


To determine the degree of change of structure of wheat yeastless dough and its chief components (gluten pro- 
teins and starch paste) by mechanical action, the mass of dough was kneaded with a pestle in a porcelain mortar for 
one minute after keeping; tests before kneading served as controls. 


TABLE 2 


Viscoetastic Properties of Dough After Keeping and Kneading 


nX10°] n/E Plasticity | Elasticity 
(poises) | (sec.) (%o) 


After mixing: (controls elas eueea 


Thejsame,) aiter kneadine i. {2a ah 78 
After 30 minutes (control)......... 75 
The same, after kneading......... 76 
Afters) hours: (control) 4.10) pene 70 
The.same, after kneading ..... 00,2450 83 
2 After ‘mixing (control) (2,54 mins) sgeee Mm 
The: same,. ‘after kneading 0/6/0005 aye" 75 
After 30 minutes (control)......... 73 
The same, after kneading......... 71 
After 3 hours (control) 42 ce eee 73 
The same, after kneading......... 50 


The results of Table 2 show that for dough from grade II flour with a moisture content of 48%, such treatment 
decreases the average viscosity, shear elasticity modulus, and the ratio n/E (as the result of the great decrease of vis- 
cosity); the plasticity, determined by the percentage ratio of the residual deformation after removal of load to the 


. 
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maximum deformation produced, increased. The elasticity, determined by the percentage ratio of the high-elastic 
deformation to the total elastic deformation on removal of the load from the system, was almost unchanged by the 
treatment. The effect of the treatment decreased as the keeping time was greater. 


Gluten and starch paste, on the other hand, showed increased values of the main viscoelastic properties after 
grinding in a mortar for 1 minute. The weaker gluten was changed less by the treatment (Fig. 4). 


In order to study the effect of more vigorous mechanical treatment on changes in the viscoelastic properties of 
dough, it was passed three times through a worm shredder of the meat mincer type immediately after mixing, and 
also after keeping. Measurements were made after each passage, and the results are shown in Table 3, 


TABLE 3 


Viscoelastic Properties of Dough After Treatment in Worm Shredder 


Duration of keeping, nature of treatment Ey: 10 n+10° 
d nes/em? (poises) 


Flour grade, moisture 
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The results given in Table 3 show that dough from grade I flour in the first series of treatments, has lower * 
viscosity and elasticity modulus as the result of the 1st and 2nd passage through the shredder, but these values in- 
crease again after the 3rd passage, The first passage in the second series of treatments of this dough is accompanied 
again by a decrease of viscosity and of elasticity modulus; this may be attributed not only to the treatment, but 
also to liquefaction during keeping. However, the second and third passages are accompanied by considerable in- 
crease of viscosity and a small increase of the elasticity modulus. 


The data for the dough from grade II flour show that both series of treatments result in a gradual decrease of 
the elasticity modulus and viscosity, It is interesting that after a keeping time of 30 minutes (before the 2nd series 
of treatments) the viscosity and modulus values for this dough remained unchanged (after the 3rd treatment of the 
1st series). Dough from flour for wallpaper paste (wheat and rye), and dough from grade II wheat flour, had decreased 
values for the viscosity and the elasticity modulus as the result of increasing mechanical treatment, 


In order to clarify further the behavior of the structure of dough made from wheat flour without yeast, it was 
subjected, after mixing to vigorous stirring in a two-blade farinograph kneader for 10 minutes. 


The results in Table 4 and Fig. 5 show that, in contrast to untreated (control) dough, which is greatly liquefied 
after 3-4 hours, dough treated in this manner has practically unchanged viscosity and a much less changed elasticity 
modulus, This indicates that dough made from this flour has the power, after the primary structure is destroyed, to 
form a new, restored, fairly viscous and elastic structure; consequently, vigorous mechanical treatment, as it were, 
retards the liquefaction process of dough. 


The gas-forming and gas-retaining capacity*of dough made with yeast is of great significance for the formation 


* By gas-forming capacity is understood the amount of carbon dioxide evolved by the fermenting dough during each 
hour and in 5 hours of fermentation. The-gas-retaining capacity is the increase in the height of the dough in the fer- 


’ mentation vessel during fermentation. 
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of the structure of the bread crumb. To determine the effect of mechanical treatment on these important indexes of 
dough quality, dough made from grades I and II of wheat flour and from wallpaper paste flour and yeast was allowed 

to ferment for 1.5 hours, after which it was divided into two portions, Both portions were tested for gas formation and 
gas retention in a special apparatus, after which the shear deformation was tested. 


TABLE 4 


Viscoelastic Properties of Dough After Treatment in Farinograph Kneader 


Duration of keeping 


ATTey) DXUAG oo) eve 8 ble thee migcavers) eee manta neens 


After 3.5 hours 
a)itteated yo yer sie alah buck aes is heim alts ia to eedeloes Veale 19 
b) untreated (contro). oo). Sie ae Pp eee ti ir 30 


The results of the shearing tests are shown in Table 5, and those for gas formation and gas retention in Fig, 6. 


The results of Fig. 6 show that the gas forming power of treated dough is less than that of the control during the 
first three hours, but after two more hours they become almost equal. The gas retention of the dough under test is 
also less than that of the control at first, but after 2-3 hours it is ahead of the control, and the difference at the end 
of the fifth hour is the greater for the higher grade flour. The explanation for this can be seen from the results of 
Table 5, which show that the tested dough from grades I and II flour was much more viscous after the gas formation 
and retention tests than the control. 


In the formation of the quality structure of bread crumb, a harmonious combination of the stresses developing 
in the dough set up by the gaseous fermentation products, with the viscoelastic properties of the dough, its viscosity 
and elasticity modulus, will be of significance. The value of the ratio of the viscosity to the modulus of elasticity 
(duration of the relaxation of stresses in the dough) will also be of great importance. In an earlier communication 
[3] it was already shown that by intensive mechanical treatment of dough it was possible to decrease the viscosity of 
the dough and to increase the volume, and also to improve the porous structure of the bread. It was shown above that 
the viscosity of dough made from grade I flour increases with increasing intensity of mechanical treatment, 


TABLE 5 


Visco@lastic Properties of Dough After Gas Formation 


Ey- 10° 
d nes/cm” 


Flour grade, nature of sample 


Elasticity 
(2 


(poises) (sec.) (%o) 
6.0 48 19 


Grate ti CoumOl. 2 sites owe tas ain pees - 4 69 
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TABLE 6 


Visco~Elastic Properties of Dough after Mechanical Treatment 


Treatment 


E)°10 Density of the bread 
d nes/cem” m? 


n°10° n/E 
(poises) (sec) 
6.9 49 


Worm shredder Control 


Test 10.5 2” BD 2.50 
Threefold kneading | Control 2.60 
Test 2.12 


To determine the effect of the intensity of mechanical treatment on the viscoelastic properties of fermenting 
dough made from grade I flour and on the specific gravity of the bread, the dough under test was passed three times 
through a worm shredder; in another variation of the experiment the dough was subjected to less intensive treatment, 
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GAS RETENTION 


fo) 
z At 2  AHours 2 4 Hours 
Fig. 5. Curves for the deformation Fig. 6. Effect of mechanical treatment of dough on gas formation and gas 
of dough: 1) untreated (two experi- retention: 1) control; 2) dough treated in farinograph kneader for 10 minu- 
ments); 2) treated in farinograph tes; I) dough from wheat flour for wallpaper paste; II) the same, from second 
kneader (two experiments). grade flour; III) the same, from first grade flour, 


and was kneaded three times and then tested together with the control before being put in the oven, The results of 
these tests are shown in Table 6. 


The. data of Table 6 show that the result of lowering the intensity of mechanical treatment was to give a 
lower value of the viscosity, and a greater specific gravity of the bread. In both cases the porous structure of the 
crumb was improved by mechanical treatment. 


SUMMARY 


1. The effect of strengthening of bread dough, and also of its basic components (gluten proteins, starch paste) 
must be considered a valuable characteristic of the structure of these systems, which offers additional possibilities for 
their study. 


2. Mechanical treatments of different intensity alter the viscoelastic properties of dough, its specific powers 
of gas formation and gas retention, and consequently the bulk and porous structure of the bread. In dough from grade 
I flour the values of the viscosity and modulus of elasticity at first decrease with greater intensiveness of treat~ 
ment, and then increase again. By keeping such dough it is possible to "retard" the liquefaction process by restoring 
the structure. In dough of low grade flour, mechanical treatment continuously decreases the values of the viscosity 

and the modulus of elasticity. 


8. By regulation of the intensity of mechanical treatment of dough according to the grade and quality of the 
flour, it is possible to improve the quality of bread products. 


All-Union Research Institute for the Baking Industry Received October 21, 1953 


LITERATURE CITED 
[1] D. M, Tolstoi, Trans. All-Union Conf. on Friction and Wear in Machines, 155 (1949). 


[2] P. A. Rebinder, Collected Papers, "New Methods of Physico-Chemical Investigation of Surface Phenomena", 
Academy Sci, USSR Press (1950). 


[38] B. A. Nikolaev, Proc. Acad. Sci. USSR, 90, 4 (1953). 


439 


Yo eS Se 


aie oat iharkem Aoagg eager nas te wimiiien th 
7 nea | ay ih to heh este ery 4 


ee Pe 


ANOMALOUSLY EARLY TURBULENCE OF COLLOIDAL SOLUTIONS 


LL. lo Rogachevy 


As is known from hydrodynamics, as the viscosity n increases, there is an increase of the pressure p¢ at which 
the critical value of the Reynolds number Re, is reached, indicating the beginning of failure of the laminar regime. 
Therefore, in colloids, which behave, as a first approximation, like normal liquids but have a greater viscosity than 
water, the beginning of turbulence should be shifted in the direction of greater pressures in comparison with water. 
However, in a number of sols, as, for example, in concentrated sols of Fe(OH), [1], aluminum oleate, and others, tur- 
bulent flow begins in the region of lower pressures than for water, and increasingly earlier as the viscosity of the sol 
is greater. This displacement of the beginning of the turbulent flow of sols toward lower pressures has been termed 
anomalous turbulence of colloidal solutions. 


___ Explanations of this effect at the present time are based on the views of Wo. Ostwald [2], according to which 
anomalous turbulence is the consequence of this presence of a structure in the sols. The anisodiametric particles of 
the disperse phase, becoming oriented in the laminar stream of the dispersion medium, cross layers having different 
velocities, mix them together, and so favor the formation of vortexes at flow rates which in themselves do not cause 
them, If such a particle is already oriented with its axis at an angle to thesstream, it will, nevertheless, also assist 
turbulization of the flow, acting as a barrier. In addition to this, early formation of vortexes is also favored by dis- 
ruption of structure and, finally, by Brownian movement, which displaces particles from one layer into another, We 
will now show that this viewpoint of Wo. Ostwald on the cause of anomalous turbulence in colloids is in direct con- 
tradiction to the modern concept of the nature of turbulence. ; 


The turbulent motion of a liquid at sufficiently high Reynolds numbers is considered [3] as the superposition of 
> 
two motions: the characteristic of turbulence, randomly thanging “pulsation” motion v', and the motion with a mean 


average rate u, The pulsational motion v' is theresult of superposition of turbulent pulsations of various scales of 
magnitude: by the scale of the motion 1s understood the order of magnitude of the distance, over which the rate of 
the motion changes significantly. As the Reynolds number increases, the number of turbulent pulsations becomes 
greater, and their scale decreases, Thus, at‘high values of Re in turbulent flow there is a whole “spectrum” of pulsa- 
tions with scales from the greatest to the least; the determining role is played by the large scale pulsations, i.e., 
pulsations the scale 1, of which is of the order of the characteristic length of the turbulent flow region, Such pulsa- 
tions have the greatest amplitude and velocity, comparable in magnitude to the change Awof the average velocity 
over the characteristic distance 1 of the turbulence region. These pulsations contain the greatest part of the total 
kinetic energy of the liquid. The small scale pulsations correspond to high frequencies, have considerably lower am- 


. ‘ > 
plitudes, and therefore contain less kinetic energy. Over distances comparable with 1, the change of the velocity v’ 
of the stream istdetermined by the change in the rate of the large scale pulsations and is, therefore of the order of 


ue 
magnitude of Au. At distances) « 1 change of v’ is determined by the small scale pulsations. Together with the 
Reynolds number Re = oe which determines the properties of the flow as a whole, we consider the Reynolds numbers 


Re, Which correspond to turbulent pulsations of different scales: 


Rey Pe is > 
7] 

. where 2 is the order of magnitude of the scale of the given motion, v) is the order of its velocity, and y is the kine- 

* matic viscosity. 


Large scale pulsations have the greatest scales of motion, they have large values of the Reynolds number Re), 
and consequently, the viscosity is low and can be assumed equal to zero. In such pulsations there is no appreciable 
dissipation of energy; they may be described by the Euler equation. Conversely, for small scale pulsations the value 
of Re, is small and the viscosity of the liquid has a significant value, producing dissipation of kinetic energy as heat. 
The turbulence properties in regions,the dimensions of which are comparable with the characteristic length 1 (de- 
veloped turbulence) are completely determined by the density of the liquid p, the distance 1, and the velocity Au. 


In contrast to developed turbulence, local turbulenceis.defined as turbulence of the scale , small relative tol, but — | 
much greater than the distances Ag at which the viscosity of the liquid begins to play an appreciable part. In this a 
case the determining parameters will be the density p, the energy €, and the scale of the motion X, The order of 
magnitude of X9 is determined from the condition Re, 9 ~ 1, from which it follows that; 


1 
o 2a! Re/4 ° 


(1) 


The value of X9 determines the order of the least scales of turbulence — the lower boundary of the “spectrum” of turbu=- | 
lent pulsations, 


Let us now apply the above results to the theory of Wo, Ostwald. According to this, vortex formation in laminar 
flow is caused either by the colloidal particles themselves, acting as barriers, or by their motion. In both cases, we 
are dealing with distances of the same order as the size of these particles. Change of the rate of flow of the stream 
of the medium takes place in distances of this order, On the other hand, as anomalously early turbulence is usually | 
observed in Poiseuille-type flow of sols, the characteristic distance 1 in this case will be the capillary radius R, As ii 
the dimensions of the colloidal particles are many times less than R, the turbulence which arises will be local tur- 
bulence in its properties, and, in particular, the relationship (1) may be applied to it, which gives the lower boundary 
of the scales of the smallest turbulent pulsations. Pulsations of smaller scales cannot exist, On the other hand, the 
order of this boundary will be given by the dimensions of the colloidal particle itself. Let us determine the value of 
Xo from each of these aspects. 


The radius of colloidal particles (the equivalent radius) falls within the range from 107° cm to 1077 cm, so that 
we may take the mean value rm = 10°® cm. At the same time, if we take for the Reynolds number the deliberately 
high value Re ,= 10, and the capillary radius is taken to be of the order of 1071 cm, we then have from the expres- 
sion (1); 


d Bae = 10" (2) | 
0” 104% cm, 
so that 
AD iy 10%, (3) 
Im 


In reality, the value assumed for the Reynolds number is much 
too great. For example, the experiments of Rabinerson and Fuks on 
the anomalous turbulence of Fe(OH), sol [1], even for low concentra- f 
tions, give for this sol Re. = 10°, and hence 


Ao r~) 10, 
Im é 
As we see, the dimensions of the colloidal particles are of the 

order of 10?—10° times less than the lowest possible scales of turbulent 
pulsations. Hence it follows that the existence of a structure in the sol 
cannot lead to any significant vortex formation, to disturbance of the 
laminar flow of the dispersion medium, and hence, cannot lead to 
earlier turbulization of the colloid. 


Therefore, on the basis of the above views it may be asserted 
that early turbulence observed experimentally in many sols cannot 
be explained by the existence of a structure in them. Below we give 
an explanation for this effect, based on purely phenomenological con- 
siderations, without the assumption of any structure in the sol. 


Fi geeds 


We will limit ourselves to an examination of those colloids,the viscosity of which alters very sharply in a very 
narrow interval of shear stress.o, and remains almost constant outside the limits of this interval, The motion of such 
liquids may be described [4] by the methods of hydrodynamics of normal viscous liquids. Let us investigate the sta- 
bility of the velocity profile AaBbCdDeE (Fig. 1) which is formed when these liquids flow through capillaries. For 
this it would be necessary to subject to small disturbances v' the steady velocity distribution obtained by solutioncof 
the equations of motion for a viscous liquid. If these distrubances increase with time, the motion cannot be stable. 
However, this general method for the investigation of the stability of motion is very complicated in the mathemati- 
cal sense, and at present has been only achieved for the simplest forms of flow of incompressible Newtonian liquids, 
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For liquids with variable viscosity, which include sols, which have anomalously early turbulence, such investigation 
can hardly be considered as achieved. To avoid the mathematical difficulties, we replace the sol by an ideal liquid 
with the velocity profile Aa‘Bb'Cd'De'E (Fig. 1). The basis fdr this approximation is that early turbulence in sols is 
observed at the fairly large values of Reynolds number Re ~ 10°, and the latter is equivalent to a low viscosity of the 
liquid, The disturbed motion vz = V(t) + V'z Vy = Vn Vg = 0, where 


) eilkz~ wt) ths ilkz- wt) ’ 


gt), Vr v(x) (4) 


are the component terms of the distrubance of velocity in a cylindrical system of coordinates, the axis OZ of which 
coincides with the capillary axis, should satisfy Euler's equation [3]. The function v(r) should be continuous at the 
boundary between the regions of the velocityprofile, while its derivative should, at these points, satisfy the condition: 
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~ A | somal (6) 
where the square brackets indicate the increment of the corresponding value at the boundary of the regions of the 
profile. 


From these properties of the function (1), we define it as follows: 
¥1=Cye (> R; 
We = Co(ch kr + a,shkr) (ry < r< R); 
3 = Ca(chkr + agshkr) (0 < r< tp); 
%4= Cichkr—agshkr) (1g < r< 0), 


where C; and a; are certain constants, If condition (2) is fulfilled at the boundary points of the profile, we obtain the 
following equation for w: 


Ig" (R—-19)°w® + {B19 (tg —R)—Vo kre? (R—-1p)-(1 + th kR)— Bkrp2(R—1p)*(1 + th kR)—19(R— rp) [BR + 
+ (tg—R)Vo] th krgch”krg(1 + th kR) + 19(R—1q)[BR + (tg—R)vg](1 + th kR)ch” kry + r9(R—19)"(Vp~ BX 1 + th kR)} w* + 
+ {Bro[BR + (to—R)volth kty ch? krp— vokto(R—19)[B R + (tg-R)vo]ch” kro(1 + th kR) + (vp B (R-1)[B R + 
+ (ty—R)vg](1 + th kR) th ky ch? krp— 8 kro(R—1)"(Vp 8 ) (1 + th kR)—B 1p[B R + (to—R)vo]th kR- ch? kry— 
~19(Vg~ 8) B(R—1p)th KR + B Vgk197 (R—-1y)"(1 + th kR) + voktg(R—%y)[BR + (ty—R)vgK1 + th kR)th krych?kty— 
—(Vvp—B) (R—Xp) [BR + (tp—R)Vo]th"kro(1 + th kR)ch? kry + B vpkrp"(R—Xq) + 8’ kr? (R—%p)} w+ { vokro[BR + 
+ (1g —R)v9]8 + th kRch” kryp—(vp—B)[BR + (tg—R)Vo]8 thkrg: thkR- ch? kr + B’kro(vp— 8) (R— 1%) th kR—- 
— B’vgk’ 197 (R—1q)— B Vpktp[B R + (tg—R)Vo]th kry ch” kry + B(vp~B) [BR + (19 —R)vg Ith? krg- 
| “ch? ktp} = 0. | (6) 
Here R is the radius of the capillary, 8 and Vy are the values of the velocity of the liquid when r = rq andr = 0. 


The nature of the roots of equation (6) determines the result of the investigation, Assume that rg # 0 and 
Ig #R, Let us examine two cases: 


1. kro > 1 (consequently, kR > 1). 
Equation (6) in this case may be reduced to the form: 


3 ku? + B i ee Eg (7) 
w'~(V9 + B) Vok" w 2(R—15) = 0. 


Here in each of the coefficients of equation (6) remain only the terms of the highest order with respect to the values 
of kr) and kR. All the three roots of Equation (7) are real, The disturbance v’ is related to time by the factor eniwt 
and the latter decreases exponentially with time for real values of w; thus, for kty = 1, the motion of the liquid is 
stable. 


2. kR<« 1. Ifwe leave in the coefficients of equation (6) the terms of the least order with respect to the 
values of kry and kR, we have: 


2 
K° { [BR-(R—t9)Vo] [@- 1) (or- Svat é Br) — Brg (x-2s)] + Bvg(R—19)"R} 
(R~ Ip) 
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5 ake{ [BR—(R—1p)Vo] [VRtp® + 28 Rrg’~ Votg’— Bry] B R'ty } 
f 5. = 0. (8) 
Ig (R~Ip) 
Equation (8) has one real root and two conjugate complex roots, The factor e Wt in the expression for v', which corres= | 
ponds to the value of w with a positive imaginary part, increases indefinitely with time; the motion of the liquid is 
absolutely unstable. 


i 


Now let rp = 0 or rg = R. The profile becomes the line ABC 
(Fig. 2). Motion with such a velocity distribution is also unstable (6). 


Since in the liquid there may exist disturbances with all possible 
values of krg and kR, among them will be found those for which kR « 1. 
These disturbances cause the flow to become turbulent, and as a result, 
the motion of an ideal liquid with the velocity distribution Aa’ Bb‘ Cd’ De"E 
will be absolutely unstable. This last fact shows the low stability of the 
velocity profile of a sol flowing through a capillary. However, the less 
stable is the motion of a liquid, the earlier, with other equal conditions, ~ 
will turbulence arise in its flow. 


We now tum to the cause of the low stability of the motion of sols. 
It is easily seen that if for a non-Newtonian liquid the viscosity curve 
i = n(o) has a relatively sharp jump at a certain “critical” distance ro, 
the flow of such a liquid cannot be stable. In this case, the viscosities 
m and np have sufficiently different values and the condition for uninter- 
rupted velocity when r = rg is no longer fulfilled; there is a break in the 
continuity of the tangential component of the velocity. Such tangential interruptions in an incompressible liquid are 
always absolutely unstable [3]. Therefore, the surface of the tangential break rg = const cannot exist for long in the 
liquid; it becomes “stirred’up", and makes the flow turbulent. Thus, the anomalously early turbulence observed in 
sols is a direct consequence of the tangential breaks of velocity which occur in their flow. 


Fig, 2, 


In conclusion, I offer my sincere thanks to Professor V. G. Levich and Professor M. P. Volarovich for their con 
stant attention and assistance in this work. 


Kolomna Pedagogical Institute Received April 14, 1953 
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INVESTIGATIONS OF THE STRUCTURE OF STARCH 


IV. DIELECTRIC PROPERTIES OF NATIVE AND DISPERSED STARCH OF DIFFERENT DEGREES OF HYDRATION 


M. S, Shulman and S. M, Lipatov 


It was established by studies of the dielectric properties of polymer fractions that the dielectric constant of a 
polymer solution depends only on the chemical structure of the monomer unit of the given polymer [1, 2, 3]. Our 
studies of a series of polymer fractions showed that the behavior of the so-called soluble fractions is exactly the 
same as that of the other fractions, and the curves for the variation of the dielectric constant with concentration co- 
incide for different fractions, although such properties as solubility, high viscosity, power of spontaneous aging, etc., 
differ greatly. These results are evidence of separate and independent behavior of the polar groups, the nature of 
which, and not the number in the macromolecule, determines the DC *of a substance. This is shown particularly 
convincingly by studies of the DC of dextrin, maltose, and starch, which have equal values of dielectric constant in 
the concentration range studied (Fig, 1). 


We also showed that one can only speak of the dipole moment 
of the polar groups of a polymer, and not of its macromolecule as a 
whole. Therefore, the value of the dipole moment for starch calcula- 
ted by us was taken equal to 1.7- 107 instead of the value of 56° iM tad 
according to Dumansky and Kurilenko [4]. 


Our studies of the variation of the dielectric constant of a frac- 
tion with temperature showed that with increased temperature the DC 
of water and of the solutions of the fractions decreases considerably, 

“ ) 3 C,% and the curves for the variation of the dielectric constant of water and 
the solutions have a parallel course with a constant difference, From 
our results, we concluded that the structural changes observed in poly- 
mers are mainly due to non-dipole action. These conclusions were con: 
firmed in studies of the dielectric properties of starch at different fre- 
quencies (Fig. 2). 


Fig. 1. Dependence of the DC of dextrin, 
maltose, and starch on the concentration. 


The measurements of the dielectric properties of starch were carried out with the aid of a capacity bridge with 
compensating resistances. The generator permitted a smooth variation of wavelength from 50 to 500 m. The results 
obtained are also confirmed in studies of the DC by the Drude-Coolidge method, which is as follows, An ultra high 
frequency generator is inductively coupled to two parallel metallic conductors (Lecher system) terminating in two 
metallic bridges, one of which is movable. If the Lecher system is in air, then at resonance the distance between the 
bridges is equal to a whole number of half-waves. The resonance of the system is disturbed if a capacitor with the 
liquid under test is connected in parallel to the Lecher conductors, 


e! 
fod 
79 
Thi! 
. 100 200 300 
A(m) 
Fig. 2. Dielectric properties of native (1), dispersed (2), Fig. 3. Resonance curves for starch solutions (ex- 


and soluble starch (3) at different frequencies. planation in text). 


* Here and subsequently, DC means the dielectric constant, 


: } x r 


Sosinsky and Dmitriev [5] quote formulas for calculating the values of both components of the complex value © 
of the dielectric constant from the displacement of the bridge and the width of the resonance curve, ' 


If the voltage between the conductors of the Lecher system is measured, the position of the movable bridge : 
being varied, then the resonance curves will have the form shown in Fig. 3, where 6 is the displacement of the maxi- “ft 
mum of the resonance curve relative to the maximum for the system in air (I) and when a capacitor with the solu- 7 
tion is coupled in (11); A is the width of the resonance curve, corresponding to the value of Mee as 


With the aid of the Coolidge equation, modified by Sosinsky and Dmitriev [5], the real and imaginary compo~ 
nents of the dielectric constant of starch solutions of different concentrations were calculated for a generator wave- 
length X = 6.8 m. The results obtained are shown in Fig. 4. 


Studies of the variation of the dielectric constant of concentrated starch solutions with temperature showed 
that as the temperature increases the real component of the DC decreases and its imaginary component: increases, 
The changes of the DC of glucose solutions are similar. 


Thus, the results obtained in the study of the dielectric constants of highly concentrated solutions of starch.and 
glucose also confirm our views that the dielectric constant of a polymer solution depends only on the chemical struc- 
ture of the monomer unit of the polymer 


Measurements of the dielectric constant of concentrated starch solutions also showed that DC does not change 
in the aging process, This confirms yet again that the structural properties associated with changes in the progressive 
motion of the particles are not related to dipolar interaction, i.e., the rotational motion of the groups is retained, 


Studies of the dielectric constants of starches of various degrees of hydration showed that native, gelatinized, 
and soluble starch give coincident curves. These investigations confirmed the identical nature of starch hydration, 
and on their basis it is possible to speak of an equal number of OH groups excluded from mutual interaction, The 
DC method may serve as a method of dielectric titration of the active polar groups of a polymer. Analogous investi- 
gations with starch derivatives (mono~, di-, and triacetate) gave results which confirm our views concerning the 
screening of polar groups and their exclusion by hydration. 
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Fig, 4, Real (€’) and imaginary (€”) components of the Fig. 5, Dielectric properties: 1) native and gelatinized 
dielectric constant of solutions of: © = potato starch; starch, and its derivatives; 2) monoacetate; 3) diacetate; _ 
X = glucose of various concentrations. . 4) triacetate; 5) quartz sand. | 


As the polarities of the substances studied decrease (from mono- to triacetate), the sharp increase of the dielec- 


tric constant begins earlier, and corresponds to the amount of chemically bound water determined by the calorimetric 
method, 


Fig. 5 shows the results obtained, and also variation of the dielectric constant of quartz sand with moisture con- 
tent, It is seen from Fig. 5 that the sharp increase of DC is associated with exclusion of the polar groups and the attain- 
ment of sufficient freedom of rotation by them. 


In this connection it was also of considerable interest to study the dielectric properties of starches of different 
moisture contents over a wide range of temperatures, Native and mechanically dispersed potato starch was used for 
these investigations. Weighed samples of these starches were dried for three days in an electric oven, first at 60-70", 
and then at 110°, and were then placed in a desiccator (over calcium chloride) and usediin the dry state for the in- 
vestigations, To obtain starch samples of different degrees of hydration, they were placed in a desiccator over water 
vapor, The moisture was determined gravimetrically. The dielectric constants were determined by the compensated 
capacity bridge at a generator wavelength of 100 m. 
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_ Fig. 6. Dielectric properties of starches with 


Description of the capacitor. All the measurements were carried out in a specially constructed capacitor, 
which consisted of a copper cylinder 70 mm high and 35 mm diameter, with screwed lid and a threaded nut for the 
base, The thickness of the cylinder walls was 2mm. The base of the cylinder was made from a good insulating 
material, the center of which carried a copper peg 10 mm in diameter and 50 mm high. The base was firmly attachec 
by the threaded nut. On the oustide the copper cylinder was wrapped in asbestos, around which nickel wire was wound 
for heating the substances studied electrically. The wire was covered by asbestos, which was kept tight by a metal 
band, The capacitor was inserted in a special panel which was connected to the capacity bridge by two fork connec- 
tions, 


For filling, the copper capacitor (without the panel) was placed under a hand press with a special fitting for 
pressing powders, consisting of a massive steel rod with a hole in the center, corresponding exactly to the diameter 
of the copper rod of the capacitor. Consecutive repeated compressions give very reproducible results in determina- 
tions of the dielectric constant of powders, 


After the material had been pressed, the capacitor was inserted in the panel, which was connected to the DC 
measurement apparatus. The short ends of the capacitor leads were connected through a rheostat to the electricity 
supply. The rate of heating was 1-1,5° per minute. The temperature was determined by a calorimetric thermometer 
which was placed inside the capacitor at a depth of 18-20 mm from the top of the contents, 


For determinations of DC the leads of the electric heater were disconnected. The capacity of the empty capac- 
itor was determined with the aid of a standard liquid — benzene ~ and was found to be 3.24 pu F(at 20°). To intro- 
duce a temperature correction, the capacity of the capacitor was determined over a wide range of temperatures, and 
it was found that the variation of capacity was(0.02 jp F per 1° C. Thus, in calculations of the dielectric constants 
a correction was introduced which allowed for variations of Cy, the capacity of the empty capacitor, For example, 
at 40° the capacity of the capacitor was 3,24 + 20(0.02) = 3.64. 


The results obtained (Fig. 6) show that as the moisture con- 
tent of the starch increases, an appreciable alteration of structure 
takes place under the influence of temperature, in all probability 
characterized by the beginning of fusion of the bonds (gelatiniza= 
tion) which occurs at different temperatures in native and dis- 
persed potato starch. As Lipatov and Meerson [6] showed, for 
other polar polymers, (gelatin, agar, cellulose ethers, etc.), this 
effect is general in character, and melting of the polymer can 
be easily effected if the bonding between the polymer groups is 
weakened by hydration, The transition from the native to the 
gelatinized state in the presence of hydration water only in . 
starches may be termed the process of “inner gelatinization", 
me 46 GO" S100 and is characterized by the start of the increase of the dielec- 

sf tric constant, which coincides with the temperature of “inner 
gelatinization” for a given moisture content of the starch, 


different moisture contents: 1) dispersed, A similar state of affairs is found for dispersed starch, and 
17.5% HyO; 2) native, 22.1% H,O; 3) native, the start of the increase of the dielectric constant is found at 
16% HO; 4) dispersed, 12.9% H,O; 5) native, lower temperatures and lower moisture content in the starch, 
4% HO; 6 the same, anhydrous. for example, for 12% moisture at a temperature of about 60°, 


and for 17.5% moisture at 55°, 


SUMMARY 


It is shown that by measurements of the dielectric constants it is possible to show the “melting” of bonds which 
occurs in starches of different structure depending on the degree of solvation and temperature. In these conditions, 
it is also possible to establish structural differences in polymers by the DC method. 


Research Institute for the Dairy Industry, Moscow Received February 23, 1954 
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CONFERENCE ON THE STRUCTURAL-MECHANICAL PROPERTIES 


OF COLLOIDAL SYSTEMS AND HIGH MOLECULAR COMPOUNDS 


A discussion conference on the structural-mechanical properties of colloidal systems and high molecular com- 
pounds took place at the Institute of Physical Chemistry, Academy of Sciences, USSR; in December, 1952 and Janu- 
ary, 1953. The papers by Academician P, A. Rebinder, Candidate of Chemical Sciences A. A, Trapeznikov, Doctor 
of Chemical Sciences G. V. Vinogradov, and Candidate of Physico-Mathematical Sciences D, M. Tolstoi contained 
considerable experimental material and interesting general considerations on the rheological properties of structurized 
colloidal systems and high molecular compounds. 


The discussion conference aroused great interest among scientific and engineering-technological workers of 
thisbranch of colloid science. Thellively and fruitful discussion of the papers, which was continued during several 
sessions, clarified the fundamental difficulties which prevent further succ essful development of this most important 
branch of rheology, and led to formulation of the basic problems which demand urgent solution, 


A number of interesting and important addresses made at the conference should be noted; these include the 
addresses by G. M. Bartenev, D. S. Velikovsky, Yu. M. Ivanov, N. V. Mikhailov, V. I, Likhtman, K, P. Kashkarev, 
and others, 


The following resolution was adopted as the result of the conference by the organizing committee, consisting 
of M. P. Volarovich (Chairman), P. A. Rebinder, A. A. Trapeznikov, V. 1. Likhtman, D. M. Tolstd, and N. V. 
Mikhailov: 


“Having heard and discussed the papers and also the numerous contributions to the discussion ‘conference, the 
participants in the discussion note that: 


I, Investigations of the structural-mechanical properties of colloidal systems and high molecular compounds, 
which constitute the principal content of the physico-chemical mechanics of disperse systems (rheology), form one 
of the most important branches of colloid chemistry, with a great theoretical and practical importance, 


Study of these properties, on the one hand, clearly characterize the molecular structure and composition of a 
system, and also the formation in the latter of structures of different kinds, formed as the result of molecular inter- 
actions, On the other hand, the structural-mechanical properties, or the elastic-viscoplastic and strength properties 
of the system, determine the nature of the deformation processes taking place in it under the action of external forces. 
This determines the outstanding practical significance of the structural-mechanical properties of these systems, as 
the technological and operational properties of the corresponding materials are in the most general case primarily 
characterized by their mechanical properties — the capacity for reversible or residual deformations, and also the power 


* of resisting deformation and destruction under the action of external forces, 


Tl, Our national scientists have developed instruments of original design and methods of investigation of dif- 
ferent mechanical properties of colloidal systems and high molecular compounds, which assisted the detailed study 
of these systems and led to new concepts of the role of various factors which determine the practical properties of 


materials, 


Such instruments include the rotational instrument with coaxial cylinders by F. N. Shvedov, the rotational vis- 
cosimeter by M. P. Volarovich (State Standard, 1929-1951), the B, P, Veinberg-D. M. Tolstci apparatus for studying 
systems in conditions of simple shear between two plates, the S, Ya. Veiler-P. A, Rebinder single plate apparatus, 
the P. A. Rebinder cone apparatus, the rotational instruments with cones by K. F. Zhigach and D. E. Zlotnik, the 
capillary type instrument by G. V. Vinogradov and V. P. Pavlov, the rotational instrument by T. Ya. Gorazdovsky 
with a doubly connected region, the apparatus by A. A. Trapeznikov for complex volume investigations of colloids, 
incorporating the F. N. Shvedov apparatus, a rotational viscosimeter for a wide range of shearing rates and the vibra- 
tional method, M. P. Volarovich’s method of X-ray transmission, etc.. 
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A special note must be made of instruments with automatic recording of deformations; the torsional elasto- 
meter by G. V. Vinogradov and K, I, Klimov with optical photorecording of "instantaneous" deformation, after effects, 
and strength, the electronic selsyn apparatus by N. V. Mikhailov and coworkers, with automatic oscillographic record — | 
ing of the applied stress, time, and the growth and decrease of deformations, and the capillary type automatic viscosi= 
meter by A, A. Konstantinov and G, V, Vinogradov. 


Ill, In the development of this branch of colloid chemistry a large part was played by the work of Russian and 
Soviet scientists; they investigated various colloidal systems, put forward new concepts of the role of different factors, 
in particular in phenomena of relaxation, thixotropy, viscoplastic flow, etc.. 


Special mention must be made of the classi work of F. N. Shvedov (1889), who was the first to investigate ex= 
perimentally the relaxation of shearing stress in structurized solutions of gelatin, discovered anomalous viscosity of 
colloids, and explained the latter by the existence of shear elasticity in them, B, P, Veinberg and his coworkers 
studied structurized systems of the bitumen type in conditions of simple shear between two plates; in 1912 they 
carried out for the first time the integration of Shvedov’s equation for the case of coaxial dee jemssan: with yield stress 
taken into account, . . 


M. P. Volarovich and coworkers (D. M. Tolstoi, A. A, Leonteva, and others) studied fused glasses, slags, and 
minerals, and showed that in a number of cases these systems are true viscous liquids, and in some cases they are dis- 
perse systems with elasticity to shear, Studies were also made on a number of disperse systems, such as clays, lubrica- 
ting oils, paints, peat suspensions (N. N. Kulakov, A. N. Gutkin, N. V. Lazovskaya) and it was shown that a number of 
them satisfy Shvedov's equation for viscoplastic flow, Certain cases of thixotropy (V. L. Valdman) and also elastic 
kinetic effects (R. A. Branopolskaya and T. Ya. Gorazdovsky) were studied. M. P. Volarovich and his coworkers also 
have the credit for the wide adoption in our country of absolute methods for the measurement of viscosity and the flow 
limit of high-viscous and viscoplastic bodies. . 


D. M, Tolstoi determined the laws and mechanism of slip at walls, which is of great significance in the flow 
processes of structurized systems; he showed that the resistance to shear of the layer adjacent to the wall depends on 
the mechanism of external frnction, and that this concept may be extended to the layers between the particles in the 
bulk of the liquid. G, V. Vinogradov, V. P. Pavlov, K. I, Klimov, M. M, Gvozdev and others made detailed studies 
of the origin:and development of flow processes in lubricant greases and lubricating oils over a wide range of shear if 
rates and a broad range of temperatures, in relation to peculiarities of their structure. The same field of investigations 2 | 
of the flow of structurized systems includes the work of D, S, Velikovsky, G. I, Fuks, K. S, Ramaiya, S, A. Glikman, 
and others, 


P, A, Rebinder and his coworkers (N. N. Serb~Serbina, E. E. Segalova, L, V. Chumakova, and others) studied 
the elastic-viscoplastic properties of a series of structurized systems of different types: oleogels, hydrogels, colloidal —_ 
suspensions of bentonite clays in water, solutions of high polymers over a wide range of concentrations, and structurized ; 
systems obtainable from such solutions by the addition of an active filler. These studies included detailed investiga- 
tions of the elastic-plastic properties of the structures in such systems and of slow flow of the creep type without resi- 
dual destruction of structure, and effects of elastic relaxation of stress were established together with true relaxation. 
This work included quantitative studies of thixotropic destruction and restoration of structure in plastic systems, and _ 
the effect of restoration of structure was evaluated from the yield stress and the flow limit for the first time. 


A. A. Trapeznikov and his coworkers studied the elastic-viscoplastic properties of monglayers (on the surface 
of water) with different structure and properties; elastic properties, creep, strength, strengthening by deformation, 
Studies were also made of volume systems of various consistencies, such as fluid highly elastic systems and gels of 
intermediate consistency, and also lubricant greases, A. A, Trapeznikov and V. A. Fedotova were the first to estab 
_ lish a relationship between the deformational strength and the viscous properties of colloidal] structures over a wide 
range of deformation rates, and also measured the maximum elastic deformation as a function of deformation rate. 
On the basis of this work they put forward the view that in different ranges of shear stress the same system can behave 
as a structurized liquid (non-Newtonian, at low shear stresses) and as a plastic body (at high shear stresses), and also 
that in the region of decreasing viscosity in the system strength properties of the system appear which are quite ana- 
logous to the strength properties of plastic systems, indicating destruction of the structure, A. A. Trapeznikov and 
his coworkers established that as the rate of deformation decreases, the maximum on the stress-deformation curve 
attains a lower value and vanishes at a critical velocity and a critical stress (which correspmds to a transition from 
variable decreasing viscosity to constant viscosity) and this is regarded as a characteristic of destruction of the struc- 
ture and as am analog of the flow limit, On this basis, these suthors consider that fluid plastic systems (non-Newtonian 
liquids) also have thixotropic properties, 
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V. I. Likhtman and his coworkers developed a phenomenological theory of the creep of metallic monocrystals, 
and showed that they do not have a final elastic limit, which arises, however, during the process of deformation as 
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the tesult of strengthening, Metallic polycrystals, on the other hand, have an elastic limit right from the start (in 
the non-deformed state) and this is only increased by deformation. 


V. V. Stolnikov studied the effect of surface-active additions on the structural-mechanical properties of aqueou 
cement pastes, and confirmed for these systems the existence of an elastic limit and of a region of ner? above this 
limit. 


N. V. Mikhailov and coworkers studied petroleum bitumens and the effects of adding active fillers in the struc- 
tural~mechanical properties of bitumen mastics, and also the setting and hardening processes of aqueous cement paste 
by their structural-mechanical characteristics (E. E, Kalmykova), and in this work they established the existence of 
systems with a pseudoelastic region and a region of creep, and obtained schemes for the transition of liquid into solid 
type systems. They demonstrated the characteristic types of deformation kinetics above and below the elastic limit, 
which distinguish the pseudoelastic region from the true elastic. 


The Leningrad schqol of physicists A, P, Aleksandrov, P. P. Kobeko, Ya. I, Frenkel, S, E, Bresler, S, N. Zhurkc 
E. V. Kuyshinsky, G. I, Gurevich and their coworkers, and also V, A. Kargin and G. L. Slonimsky and coworkers, B. A. 


‘Dogadkin and coworkers, and G. M, Bartenev developed experimentally and theoretically a wide field of relaxation 


phenomena in high polymer systems, particularly in elastomers and rubbers, 


IV. Rheological] investigations in the Soviet Union, both in their content of ideas, and in the methods of inves- 
tigation, occupy a leading position and are considerably ahead of what is being done in this field by the bourgeois 
scientists, 


The main directions of development of theological investigations in the Soviet Union are, on the one hand, 


studies of the mechanism of structure formation processes in colloidal systems, and, on the other hand, utilization 


of the laws of structure formation and the deformational properties of these systems for practical purposes, Both these 
directions, being complementary to each other, develop in a close unity. 


While the rhsological studies of the bourgeois scientists develop often fruitless formalistic model concepts, 
which hinder an insight into the molecular mechanismsof the phenomena studied (Reiner, Burgers, Alfrey, and others), 
Soviet rheology, by attracting the foremost modern methods of investigation, develops in the direction of the real 
nature of the observed effects, and of elucidation of their molecular nature. 


The vigorous development of rheological investigations in the Soviet Union in recent years has led to the exis- 
tence of several viewpoints on certain basic phenomena. Such a situation is quite normal in this relatively young 
branch of colloid science, and must be considered as an expected result of its intensive and successful development. 
The different viewpoints in Soviet rheological science should favor its further development, 


V. Asa result of the discussion, a number of facts, at present mainly of a phenomenological nature, based on 
modern relaxational concepts, must be considered as established. 


Of these, the following deserve special attention; 


1, The basic characteristic of structurized systems of the most diverse types is the form of the dependence of 
the relaxation period in such systems on the acting shear stress, and also the magnitude of this period, According 
to the nature of this dependence, structurized systems are divided into two groups. 


a) Viscoelastic systems, which must be considered as liquids, regardless of their viscosity or relaxation period, 
In such systems the relaxation period, remaining practically constant or increasing only gradually with decreased 
stress, does not undergo a sudden increase in the transition to any stress, no matter how small, 


‘Such systems do not have an elastic limit, ie., an elastic region of stresses which practically do not relax 
above this limit. The viscosity of these systems decreases fairly smoothly with increase of stress, after they leave 
the region of practically constant viscosity at low shear stresses. These systems are liquids, as they exhibit steady 
flow under any stresses, no matter how small, when the time of action of the force is greater than the relaxation 
period, : 


b) Solid-like plastic systems, with a limit of flow (elasticity). This limit corresponds to a sudden increase of 
the relaxation period, i.e., of the viscosity of the system over a sufficiently narrow range of stresses, from quite 
measurable values of viscosity (relaxation period) above the flow limit to a much greater viscosity below this limit, 
and even to immeasurably high (practically, infinitely high) viscosity in this region, which must be considered, with- 
in the limits of accuracy of the methods of measurement used, the true elastic region. 


_ The yield stress, which characterizes the strength of the structure in solid~like systems, falls with decreasing 


rate of loading as the result of relaxation down to the elastic (flow) limit, and then practically does not relax further 


} 
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and is, therefore, a constant for the system. Solid~like systems in which the elastic limit coincides with the limit of | 
structure strength are elastic-brittle systems. In such systems, below this limit, only elastic deformations can develop 
(sometimes very slowly), while steady flow rannot take place at all. 


2. In liquid-like systems, an important part is played by the lower limit of the neuen of the structure of the 
system, in the stress region below which the viscosity remains constant, and above it, the viscosity falls with further 
increase of stress, This limit of structure strength corresponds to the critical deformation rate for the system, It 
was established that at constant rates below this critical value steady flow is established without disruption of the 
structural bonds, which have time to relax completely. At higher rates of deformation, and consequently at stresses 
greater than the lower limit of structure strength, the establishment of steady flow is preceded by the appearance of 
a maximum on the stress- deformation curves at a given deformation rate, This maximum increases with growing 
rate of deformation and characterizes the strength of the structure (yield stress). 


3. In the case of solid-like, i.e., plastic systems, with a definite flow limit, above this limit, on considera= 
tions of practical calculations, the plastic viscosity should be determined, which is calculated as the ratio of the ex- 
cess of the acting stress over the flow limit, to the deformation rate. This is of significance both for the lower and 
the upper flow limit ~ an arbitrary limit which corresponds to practically complete destruction of the structure in the 
stream, This plastic viscosity tends to a maximum value as the shear stress decreases to the flow limit, andin a num- 
ber of cases retains its constant greatest value over a considerable interval of stresses, In such cases, in the calcula- 
tion of the effective viscosity as the ratio of the total stress to the deformation rate, this viscosity increases sharply 
with decreasing stress on approaching the flow limit, sometimes becoming practically infinite. 


VI. In addition to this, in the Course of the discussion a number of still debatable points were examined, which 
may be clarified as the result of further experimental investigations and development of the molecular-kinetic theory 
of processes of deformation and flow in structurized systems. Among these debatable points should be included: 


1) The question of the mechanism of flow, especially in the case of solid-like bodies at stresses immediately 
above the flow limit, and also inthe region of creep as a whole, in the region where the plastic viscosity is practically 
constant, It is also necessary to clarify the question of the relationship between the molecular-kinetic meaning of 
the lower strength limit of the structureiin liquid-like systems and the corresponding critical stress in solid-like sys- 
tems. 


2) In this connection it is necessary to clarify the transition from solid-like to liquid-like systems, and also 
the mechanism of the destruction and formation of bonds in different regions of the flow curve. 


3) It is necessary to elucidate the question of the formation and the nature of the destruction of the spatial 
network (continuous skeleton) which is generally accepted as the cause of the formation of solid-like systems with 
their thixotropic properties. It is necessary to clarify the question of the possibility and mechanism of flow of such 
continuous structures without residual destruction. 


4) It is also necessary to clarify the mechanism of deformational strengthening in structurized systems of 
Various types. 


Vil. Workers in this field are recommended to devote particular attention to the development of a molecular 
mechanism of structure formation,and of the disruption and restoration of structure in flow processes. 


Modern methods of microstructure analysis should be more widely applied to investigations of this type. Tor 
gether with studies of the molecular interaction of structural elements with each other and with the molecules of the 
medium (solvation), it is necessary to focus attention on the orientation of macromolecules or particles of the dis- 
perse phase in flow, and onthe role of the entropy factor (flexibility of the macromolecular chains). 


Vili, It is necessary to publish the subject matter of the present discussion in the Colloid Journal, 
Further discussion, with the addition of new experimental material, should continue in the scientific journals,” 


Member of the organizing committee A, A. Trapeznikov did not agree with Section V of this resolution, In 
the opinion of A. A. Trapeznikov, his proposed system of concepts of the rheological properties of structurized colloi- 
dal systems is the most strict, which was not stressed in Section V of the resolution. However, the remaining mem- 
bers of the organizing committee, and also most of those who took part in the discussions, did not share A. A, Trapez= 
nikov's view, indicating the incompleteness of his viewpoint and the existence of contradictions in it. 


M, P. Volarovich 
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an iodide -thiourea method, 167. Eleostearic acid, preparation from tung oil, color 
—Quantitative colorimetric determination of aliphatic reaction with picric acid, 341. 
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with sodium -2 -nitroso-1 -naphthy1l-4-sulfonate, 151. i 


| 
i 
| 


—The use of colored reagents in colorimetry, 107. | Ethers, a,8 -dihalo- and a,8,-trihaloalkyl- 
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Diffusion, role of, in processes which occur on the electrodes acrylonitrile in mixtures containing water 
during spectral analysis using spark excitation, 87. and ethylenecyanohydrin, 181. 
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Hydrogen, micro determination in organophos- 
phorus compounds, 307. 

Hydrogen peroxide, as oxidizing agent for chromates 
to perchromates, 57. 

Hydrogen sulfide, as developer in chromatographic 
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chemical determination of, 9. 
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Lithium, spectroscopic determination in natural 
waters, 295. 


Magnesium nitrates, double, with rare-earth ele - 
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Meat pickling, see pickling. 

Micro-analysis. Quantitative determination of 

sodium as antimonate, 265. 

‘Quantitative micro -determination of carbon in 

tantalum carbide, 399. 

- Rapid methods of micro elemental analysis. 
Simultaneous micro determination of carbon, 
hydrogen and phosphorus in organo -phosphorus 
compounds containing C, H, O, P and N, 307. 
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, Citation source for, 208. 

; Molecular weight, determination by a cryoscopic 
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‘Nadeinsky, B.P., "Introduction to analytical chem- 
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: Nickel ions, complex compounds formed with . 

sodium -2 -nitroso -1-naphthol -4 -sulfonate, 151. 

- Nitrates, polarographic determination in meat 
pickling salts and brines, 407. 

‘Nitrites, color reactions with mercuriated aromatic 
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Nitrites, polarographic determination in meat 
pickling salts and brines, 407. 
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Opianic acid, quantitative determination of, using 
hydrazine sulfate and anhydrous sodium ace- . 
tate, 113, 


loffe, B.V., article on "The additivity of refractive disper- | Ores, horizontal A.C, arc as spectrum excitation 


sion and a comparative evaluation of dispersometric 
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for, 203. 
Ores, photocolorimetric determination of antimony 
in, by an iodide-thiourea method, 167. 
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sulfur in, using chromic oxide as catalyst, 39. 


Organomercury compounds of amines, reactions with 
nitrites, 245. 

Organo-phosphorus compounds, simultaneous micro - 
determination of carbon, hydrogen and phosphorus 
in, 307, 

Oscillographic polarography, theory, apparatus, ap- 
plication, 355. 

Oxalic acid, as reagent for the determination of 
beryllium, in presence of aluminum and iron, 
217. 

Oxides, metallic, as absorbents for sulfur oxides, 
249. 

Oxygen, dissolved in antibiotic culture medium, 
method for the quantitative determination of, 
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Penicillin culture medium, current-voltage curve 
for, 45, 

Perchromic acid, extraction of chromium, as with 
ether, 57. 

Petroleum chemistry. A cryoscopic method for the 
determination of the total amount of arenes 
(aromatic hydrocarbons) and unsaturated hydro- 
carbons, in. kerosene and gas -oil petroleum 
fractions 1. 

Pharmaceutical chemistry. The quantitative 
determination of opianic acid, 113. 

Phosphorus, micro determination in organo - 
phosphorus compounds, 307. 

Photographic chemistry. A mechanical P-trans- 
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Photometric analysis. A flame photoelectric 
method for the determination of calcium in solu- 
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‘determination of nitrates and nitrites in, 407. 

Picric acid, color reaction with eleostearic acid, 
and application to the determination of tung 
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antibiotic culture medium, +5. 
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of sodium, purification of, 265. 
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Praseodymium in lanthanum, quantitative spectro - 
chemical determination oi, 9. 

Precipitants, organic, theory of action of, 221. 
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Pyrocatechol derivatives, reactions with tung- 
states, 189, 

Pyrrole, and derivatives, color reactions with 
bromonitroindanedione, 241. 
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—A new qualitative reaction for lignin, 125; 

—A spot test for cobalt, 63; 
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organic materials and fuels using chromic 
oxide as catalyst, 39. 


Rare earths,method of separation based on the 
fractional crystallization of the double nitrates 
of magnesium, 331. 

Rare earths, quantitative spectrochemical deter - 
mination of, 9. 

Reaction sensitivity of rhodanine derivatives, 
effect of nature of substituent and structural 
factors on, 99. 

Reagent, Ferroin, oxidation -reduction indicator, 
10. 

Reagents, colored, used in colorimetry, 107. 

Reagents, for tungstates, specific atomic groupings 
in, 189. 

Reagents, new, “Berillon Il Irea", for the colori- 
metric determination of beryllium, 351. 

Reagents, theory of analytically -active groups with 
reference to rhodanine derivatives, 97. 


Potassium iodide, as developer in chromatographic method , Refraction dispersion of aromatic hydrocarbons, 69. 


for the detection of group IV cations, 79. 
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Repyl to B. V. loffe's article "The addivity of refrac- 
tive dispersion and a comparative evaluation of 
dispersometric methods of determining aromatic 
hydrocarbons", 131. 

Resin, cation exchange, (cationite), for the determina - 
tion of beryllium in bronze, 217. 

Rhodanine derivatives, preparation, properties, effect 
of nature of substituent and structural factors on 
reaction sensitivity, 99. 

Ryabchikov, Dmitri Ivanovich, fiftieth birthday, 
review of work, 423. 


Salts, cerimetric determination in the ultra-violet, 160, 

Samarium, europium in, quantitative spectrochemical 
determination of, 9. 

Silanes, alkylchloro, in air, colorimetric method for the 
quantitative determination of, 51. 

Silanes, alkoxy-, aroxy-, alkyl-, arylalkoxy-, alkyl, 
aryl, qualitative analysis by infrared absorption 
analysis, 231. 

Silanes, alkoxy, qualitative analysis of mixtures with 
alcohols and silicon tetrachloride, 185. 

Silicon, in organic compounds, colorimetric method for 
the determination of, 51. 

Silicon tetrachloride, mixtures with alkoxysilanes, quali- 
tative analysis of, 185. 

Silico-organic compounds, qualitative analysis of, 185. 

Silico-organic compounds, qualitative analysis by in- 
frared absorption spectroscopy, 231. 

Slag, spectrographic analysis of, role of diffusion in pro- 
cesses which occur on the electrodes, 87. 

Sodium acetate, anhydrous, as reagent for the determina - 
tion of opianic acid, 113. 

Sodium antimonate, micro method for. the determination 
of sodium as, 265. 

Sodium chloride, micro-analysis of, using potassium 
antimonate as reagent, 265. 

Sodium, micro method for determination of, as anti- 
monate, in presence of large amount of potassium, 
265, 

Sodium -2-nitroso -1-naphthol-4-sulfonate, formation 
of complex compounds with nickel ions, 151. 

Sodium oxalate, as complexing agent, in the determina- 
tion of titanium by oscillographic method, 285. 

Sodium silicate, as absorbent for sulfur oxides, 249. 

Sodium stannite, as developer in chromatographic method 
for the detection of group IV cations, 82. 

Sodium tetraphenylborate, preparation, as reagent for the 
volumetric determination of potassium, 301. 

Soil extracts, determination of calcium in, by flame photo- 
electric method, 390. 

Spark excitation, use in spectrographic analysis, 87. 

Spectra, infrared, of silico-organic compounds, 231. 

Spectrographic analysis, A horizontal A.C, are as spectrum 
excitation source for ores and minerals 203. 
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—A mechanical P-transformer, 127, 

—A study of the errors involved in the chemical 
analysis of steels and casts, 415. 

—Qualitative analysis of silico-organic compounds 
by infrared absorption spectroscopy, 231. 

—Spectroscopic determination of strontium and 
lithium in natural waters, 295, 

—Spectrographic study of reactions of importance 
in colorimetry. Complex compounds formed 
by nickel ions with sodium -2 nitroso -1- 
naphthyl-4-sulfonate, 151, 

—The part played by diffusion in the processes 
which occur on the electrodes during spectral 
analysis using spark excitation, 87, 

— The quantitative spectrochemical determina ~ 
tion of praseodymium in lanthanum and of 
europium in samarium on the ISP-22, a 
spectrograph of average dispersion, 9. 

Spectroscopy, ninth conference on, 427, 

Spectrum excitation source for ores and minerals, 
horizontal A.C. arc as, 203. 

Statistics, applications in analytical chemistry, 
273. 

Steel, determination of titanium in, by colori- 
metric, gravimetric, oscillographic methods, 
289. 

Steels, errors involved in the chemical analysis 
of, 4:15. 

Stibine, formation in the colorimetric determina ~- 
tion of antimony using thiourea, 173. 

Strontium, spectroscopic determination in 
natural waters, 295. 

Sulfur oxides, absorption by metal oxides and 
silicates, 249, 

Sulfur, quantitative determination in organic com~ 
pounds, absorbents for sulfur oxides, 249. 

Sulfur, quantitative determination in organic 
materials and fuels using chromic oxide 
as catalyst, 39. 

Sulfuric acid, as absorbent for alkyIchlorosilane 
vapors, 53. 
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fraction dispersion from additivity in, 70. 


Tananaev, Ivan Vladimirovich, fiftieth birthday 
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Tantalum carbide, quantitative microdeter - 
mination of carbon in, 399. 

Thermometer, resistance, in cryoscopic method 
for determination of molecular weight, 21. 

Thiocarbazone, di-8 -naphthyl, see di~8 -naph- 
thy lthiocarbazone. 


Thiourea, as developer in chromatographic method for 
the detection of group IV cations, 82. 

Thiourea, as reducing agent for antimony in the colori- 
metric determination of, 173. 

Thiourea, as a reducing and complexing agent in the 
photocolorimetric determination of antimony in | 
ores, 167. | 

Thiourea, for detection of cobalt, 63. 

Tin, volumetric determination of, using arsonic acid, 
195. 

Titanium, quantitative determination of, by oscil- 
lographic polarography, 283. 

Titrations, high-frequency, apparatus for, results for 
KOH -HC1, NaOH -HgSOQ4, NagSO,-BaCl, Mohr solu- 
tion-KMnQ,y, NagS,O3-I,, 29. 

Toluene, mixtures with benzene, results of analyses by 
dispersometric methods, 72. 

Trace elements, theory of organic coprecipitation of, 
221, 

P-Transformer, for use in calculation in spectrographic 
analyses on photographic films, 127. 

Tung oil, colorimetric determination with picric acid, 
343, 

Tungstates, specific atomic groupings in organic rea - 
gents for, 189. 


Ultra-violet, applications of cerimetric titrations in, 159. 

Ultra-violet, quantitative colorimetric method for deter- 
mination of aliphatic alcohols in, 393. 

Uric acid, reaction with tungstates, 189. 


Vanadium, determination in ammonium vanadate, by 
potentiometric titration, 149. 

Volumetric analysis. Analytical methods for simple 
halo-ethers. Analysis of a,8-dihalo and a,B,B- 
trihaloalkyl ethers, 117. 

~The application of the ultra-violet in analytical 
chemistry. Cerimetry in the ultra-violet, 159. 

~ Determination of potassium with sodium tetra - 
phenylborate, 301. 

—High-frequency titration, 29. 

—lodometric determination o: arsenic acid using organic 
solvents, 259. 

—lodometric determination of cadmium, 255, 

—Quantitative determination of tin with arsonic acids, 195. 


Water, spectroscopic determination of strontium and 
lithium in, 295. 


Zinc, colorimetric determination of aluminum in, using 
alizarin, 107. 
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